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i. Abstract 
Laser beams have a vast range of applications, from optical drives for CDs and DVDs, to large scale 
laser cutting and drilling processes. Lasers have also been used in the past for surface 
modification of materials, and laser ablation mechanisms. 
This work focused on two regimes of laser power intensity, using a Nd:YAG nanosecond pulsed 
laser for lower power intensity and a picosecond pulsed diode pumped Yb-doped fibre laser for 
higher power intensity. Using the lower power intensity, studies were undertaken on the surface 
modification of PP and PEEK material, intended for increased adhesion strength of the materials 
bonded together in a lap shear configuration. Treated surfaces were examined by CLSM, contact 
angle analysis, FT-IR, XPS, and ToF-SIMS, and were tested in single lap shear tests. It was found 
that laser surface treatment improved the surface energy (44.9 mJ m-2 to 72.5 mJ m-2 in the case 
of PEEK and 32.5 mJ m-2 to 57.5 mJ m-2 in the case of PP) and wettability of the treated surfaces. 
This lead to improved adhesion strength in the lap shear tests. 
The higher power intensity provided by the picosecond pulsed laser was used to strip the active 
layers and coating materials from photovoltaic fibres and energy storage fibres with a copper 
core conductor, with the intention of exposing the copper for subsequent electrical 
interconnection. The treated samples were examined by focus variation microscopy, SEM, XPS 
and electrical continuity measurements. It was found that the coatings could be successfully 
stripped using a wavelength of 532 nm, pulse repetition rate of 100 kHz, 2 passes, a sample angle 
of 90°, and a scanning speed of 100 mm s-1. This exposed the copper conductor and maintained 
electrical continuity. 
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1 Introduction to lasers used for surface modification and ablation 
1.1 Preface 
Laser technology has been established for several decades and has been adapted for a vast array of 
applications. From simple applications such as laser pointers or optical drives for CD and DVD 
reading and writing, barcode scanners, to larger scale applications such as cutting, welding and 
drilling of large metallic structures, and more intricate applications such as spectroscopy, fibre 
optics, or photocoagulation of the human retina to prevent haemorrhaging. 
This work has used lasers for two main research areas. The first concerns surface modification of 
traditionally low surface energy polymer materials, and the second concerns laser ablation of both 
polymer and metallic materials. This chapter briefly introduces lasers and also a description of the 
drivers behind the choice of research areas. The main statement of objectives is presented at the 
end of this chapter, before continuing into a detailed review of lasers used for processing of 
materials. After this, the equipment and experimental techniques are discussed, and then the 
experimental work is covered in Chapters 4, 5 and 6. Chapter 7 forms a combined discussion 
bringing together the salient points of the work programme, and this is followed by the final 
conclusions, including a consideration of industrial exploitation and potential avenues for future 
work. 
1.2 Invention and initial laser work 
The word ‘laser’ is an acronym for ‘light amplification by stimulated emission of radiation’. The term 
was first used in 1957 by Gordon Gould, widely known as the pioneer of lasers. 
Theodore Maiman published the first demonstrated use of a laser (Maiman, 1960a, 1960b), 
following work in 1953 by Townes et al. in developing the ‘maser’ (microwave amplification by 
stimulated emission of radiation). The term ‘optical maser’ was first used, but was then changed to 
‘laser’.  (Paschotta, 2008) 
The most common form is as a laser beam, and this beam can be focused to a very small spot, 
travelling long distances without diverging significantly. Typical laser beams have a very narrow 
optical bandwidth, as opposed to regular light sources which often emit light over a wide range of 
wavelengths. Lasers can be continuous wave (CW) or they can be modified to deliver pulsed 
radiation. These pulses can be in the microsecond regime, all the way down to ultrashort pulses 
lasting only a few femtoseconds.  
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1.3 Background to the project 
This work is structured in 2 parts. The first part involves using lower laser power intensity in order to 
modify the surface of PP and PEEK. In this section, some background justifying the choice of these 
two polymers is presented. 
The second part uses higher laser power intensity in order to initiate material removal. This part of 
the work forms part of a Framework 7 European collaborative project, and this project is introduced 
in this section. 
1.3.1 Laser surface treatment of PEEK and PP 
Surface modification is an important part of modern science and engineering, especially in polymer 
science. Many polymers have low surface energy and as such, are difficult to incorporate into 
engineered structures. Surface modification techniques can be applied to increase surface energy of 
a polymer and increase the functionality, while maintaining all the beneficial bulk properties of the 
polymer itself. 
Selection and application of an appropriate surface treatment is one of the major factors in 
achieving good wettability and improving long term durability, whereas inadequate surface 
treatment is one of the most common causes of premature degradation and failure. A wide range of 
surface treatments is available for removing contaminants and weak boundary layers from the 
surfaces of polymers and metals. Two application areas requiring surface modification have been 
selected specifically for investigation in this work. However, the principles may be applied in a wide 
variety of other areas.  
The first are polyetheretherketone (PEEK)-based materials in the medical industry. PEEK is 
increasingly used in long and short term implantable medical devices, as shown in Figure 1-1. It is 
being used as an alternative to traditional materials such as titanium and ceramics and also to create 
new device platforms, surgical approaches and techniques. These can be realised completely with 
polymers or in combination with traditional biomaterials. The surface properties of PEEK are very 
important to the way it interacts with biological cells and fluids. A 2007 evaluation of the in vitro 
response of human osteoblasts to PEEK substrates with that of commercially pure titanium found 
that, in general, human osteoblast responses to implantable grade PEEK were comparable with 
titanium. As with other biomaterials, the surface finish conferred by industrial processes such as 
injection moulding or machining subtly influenced cell behaviour (Sagomonyants et al, 2007). One 
study demonstrated that PEEK surfaces could be further influenced by surface treatments such as 
low temperature plasma. It found that the effects on the osteoblast and fibroblast proliferation and 
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differentiation were comparable with tissue culture plastic. In addition, the presence of cells could 
be controlled to micro patterned areas that had been exposed to the plasma treatment (Briem et al, 
2005). 
Laser surface processing has the added potential of altering the surface energy in precise patterns at 
very high resolution. This would modify how cells interact with the surface and the way in which 
fluids flow over the surface, possibly even allowing fluids to be directed to a predefined location 
using only the pattern of variations in the surface energy of the polymer. 
 
Figure 1-1 - A selection of medical implants manufactured from PEEK material. Vertebrae 
replacements (top right, right middle), spinal cartilage implant (left) and replacement heart valve 
(bottom right) (images provided courtesy of Invibio®) 
PEEK is considerably closer to cortical bone in stiffness-to-weight than traditional metallic alloys 
used in medical implants. It is for this reason that it is so desirable. When implanting a material into 
a human body, it is essential for it to be as close as possible to the material it is intended to replace. 
This similarity is illustrated in Figure 1-2. 
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Figure 1-2 - Stiffness-to-weight ratios of implantable medical materials (Data provided courtesy of 
Solvay Specialty Polymers) 
The second application is in oil & gas pipeline construction. It is a huge worldwide industry, a market 
sector worth tens of billions of pounds. The transport of oil & gas is essential for the continued 
operation of many systems and equipment all over the world and a pipeline system is one of the 
most effective means. It is cheaper than transport by sea and has a larger capacity. There is a drive in 
the industry for more pipelines and for them to be more robust, requiring less maintenance. 
Field joints join shorter sections of pipe together to produce a pipeline system. These pipes are 
usually made from steel and are welded together in butt joints; various coatings are applied to the 
steel to protect from weathering and corrosion. These can range from ultra-high molecular weight 
polyethylene (UHMWPE) to fusion bonded epoxy (FBE), but an increasing number are composed of 
polypropylene (PP). At the field joint, there is a gap in the coating to allow the welding of the pipes. 
Once welded, the gap is usually filled with polyurethane (PU). 
Adhesion between the PP and PU is critically important for the integrity of the field joint coating. 
Effective pipe insulation and anti-corrosion coatings are critical to the cost effective and reliable 
production of oil field fluids. Increasing well depths have required corresponding increases in the 
lengths of flow lines, which again demands efficient and long term effectiveness of the insulating 
system in order to prevent cooling of the fluids. In addition any improved functionality over the life 
of the system will extend the productivity of marginal wells while reducing the requirement for 
expensive work over treatments, necessary to prevent the formation of hydrate plugs and wax 
deposits and eliminating longer term issues of corrosion. 
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A typical insulation system consists of a multilayer polypropylene (PP) composite with Fusion 
Bonded Epoxy (FBE) as the adhesive layer to the steel (Figure 1-3). Specific requirements for 
protection or thermal insulation are taken care of by special designed systems; resistance to deep 
water and high temperature can be catered for by adjusting the density of the layers, however, an 
integral part of the insulation system is the field joint which forms a uniform thermal insulation 
coating over the total length of the pipeline. A field joint is required at each welded joint as a flow 
line is fabricated; Figure 1-4 shows a section of PP coated pipe prepared for a field joint infill. Oil field 
flow line design is showing an increasing trend to longer distances adding increasing dependence on 
the overall integrity of the anti-corrosion/insulation coatings. 
 
Figure 1-3 - Typical three layer polypropylene insulation system.  
 
Figure 1-4 – Representation of pipeline field joint with PP co-extruded insulation and field joint 
area prepared for PU infill. 
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1.3.2 Powerweave FP7 Collaborative Project 
The higher power intensity experiments were performed as part of a Framework 7 European project, 
named Powerweave. This project has the task of designing and manufacturing a flexible fabric which 
can harness, store and deliver solar energy to power electrical devices. The potential future 
applications of such a project are vast, from airships, to agricultural fabrics, smart textiles, multi-
function photovoltaic mosquito nets for the Third World, and many more. 
The manufacture of the Powerweave fabric requires two types of fibres. Firstly, the photovoltaic 
fibres are designed to harness solar energy and convert it to electricity. This is achieved via 
technology similar to flat solar cells. This is namely via a series of active layers coated on a copper 
substrate. The light interacts with the active layers and it is converted to current in the copper 
substrate, representing the positive terminal in an electrical circuit. In this work, the copper 
substrate is in the form of a fibre and the active layer is coated with a silver secondary conductor 
which acts as the negative terminal. The whole system is then protected with a UV-cured urethane 
acrylate coating.  
The second type of fibre is the energy storage fibre. These are designed to carry the electrical energy 
generated by the photovoltaic fibres and are based on supercapacitor technology. These fibres are 
based on supercapacitor technology, and comprise a copper inner core, coated with carbon and 
silver layers, and are finally coated with the same UV-cured urethane acrylate as the photovoltaic 
fibres.  
The role of this work in Powerweave is to strip the outer coatings from the photovoltaic and energy 
storage fibres in order to cleanly expose the electrically conductive layers underneath. This must be 
done with minimal damage to surrounding material and leave a conductive surface which can then 
subsequently be interconnected. 
More detail is provided on the contribution made by the current work to the Powerweave project 
later, in Chapter 5. 
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1.4 Lasers used in the current work 
Two lasers were used for the experiments. The aim was to initially use a nanosecond pulsed laser to 
investigate surface modification of polymer surfaces, and then to use a mode locked picosecond 
laser to increase the power density, investigating material removal. 
The first laser (Spectron SL800) was already available on the sponsor’s premises and had been used 
for surface modification and surface treatment work in the past. This made it a suitable laser for the 
surface treatment of PP and PEEK. 
The second laser (Fianium HYLASE-25-SHG) was procured especially for the laser ablation work 
detailed in this thesis. Because of this, much more information about the laser specifications, as 
detailed later, was required in order to select and purchase this laser. 
Further information about the two lasers is provided later in Chapter 3, and the HYLASE-25-SHG is 
described in further detail in Chapter 5. 
1.5 Statement of objectives 
The work in this document was guided by a clear set of objectives. The objectives were as follows: 
 To investigate whether a nanosecond pulsed laser at 1064 nm wavelength can modify the 
surfaces of PEEK and PP, increasing their surface energy, wettability and improving adhesion 
strength. 
 To determine what laser power density is required to initiate a significant surface energy 
increase. 
 To investigate whether a high power density picosecond laser (pulse duration 8 ps) can strip 
the Powerweave fibres using a wavelength of 1064 nm or 532 nm, exposing the copper 
conductor, and if so at what specific laser parameters this is best achieved. 
 To determine whether the electrical continuity of the fibres can be maintained should the 
copper exposure prove successful. 
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2 Review of laser processing of materials 
There are a multitude of lasers currently available in research and industry. Selection of the 
appropriate one for a specific application involves many factors. In this review, the generation of 
laser beams are covered first, followed by more specific methods of generating both short, and 
ultrashort pulsed laser light. This is followed by a discussion of the importance of laser performance 
specifications in selecting an appropriate laser system. 
The review then covers surface treatment mechanisms for improving adhesion of polymers. In 
particular, PP and PEEK is studied but parallels will be drawn from other polymer materials. A brief 
review of existing surface treatments is presented, followed by a more in depth look at laser surface 
modification. 
The review then focuses on studies where lasers have been used with higher laser power intensity, 
specifically for ablation processes. This is partly to give an overview of the many factors that 
influence laser ablation, and also to justify the eventual selection of the HYLASE-25-SHG for the laser 
ablation study in this engineering doctorate. A fundamental view of laser-material interaction is 
conducted first, explaining the differences between using nanosecond laser pulses, and 
ultrashort/ultrafast (picosecond and femtosecond) laser pulses.  An explanation of different factors 
that influence laser ablation efficiency is then covered, followed by a review of laser-induced plasma 
assisted ablation, where a laser is used to ablate a transparent material via a secondary plasma-
initiated process. 
2.1 How lasers function 
A laser, or more precisely a laser oscillator, is comprised centrally of an optical resonator. An optical 
resonator is a system of optical components which form a closed loop, allowing light to travel in a 
circuit. The most common way to do this is to trap the laser light between two mirrors. Without any 
external input, the light will lose intensity and become weaker on each trip between the mirrors, as 
losses occur on each mirror, so a gain medium is placed between the mirrors in order to provide 
amplification to the light in the resonator cavity.  This gain medium requires external energy, known 
as ‘pumping’. The gain medium can be optically pumped by injecting light, or electrically pumped by 
applying an electrical current. Figure 2-1 shows a simplified schematic of a typical optical resonator. 
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Figure 2-1 - Simplified schematic of a typical optical resonator. Light travels between a mirror and 
an output coupler which allows a small amount of light through to form the output beam. The gain 
medium amplifies the light and is optically pumped by an external source. 
The nature of the gain medium determines the type of laser. Gain media can be laser crystals, doped 
glass fibres, an electrically charged gas, a liquid dye or a semiconductor. The wavelength of the light 
emitted is dependent on the material used as the gain medium. Losses are compensated by the gain 
medium via a process called stimulated emission. 
2.1.1 Stimulated emission via optical pumping and population inversion 
If a laser-active material with atoms in an excited energy state is irradiated with incoming photons, 
the excited electrons within it may be stimulated to release the additional energy as a photon in the 
same mode of the incoming photon as they return to the ground state. This is called stimulated 
emission. Stimulated emission is not effective for generation of laser light when there are too many 
laser-active atoms in the ground state, as these atoms attenuate light by absorbing photons to 
become excited themselves. Stimulated emission becomes effective when there are more laser-
active atoms in the excited state than there are in the ground state. This is known as population 
inversion. Population inversion is achieved by optical pumping. The incoming pump light excites the 
laser-active atoms, leaving them susceptible to stimulated emission with further optical pumping. 
 
Figure 2-2 - schematic of stimulated emission. An excited electron is stimulated to return from an 
elevated energy level (E2) to the ground state (E1) by an incoming photon, releasing an additional 
photon as it does so. 
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Stimulated emission generally results in a continuous stream of photons travelling in the same plane 
wave, or “mode”. They also have the same wavelength (or more accurately, an extremely narrow 
optical bandwidth) as this property is dependent on the gain medium used. A laser which outputs 
photons in a continuous stream is known as a continuous wave (CW) laser. These lasers have many 
applications themselves but in order to increase peak power with a relatively low increase in average 
power, pulse generation is a useful method. 
2.1.2 Generation of pulsed laser light 
Pulsed lasers offer benefits, most notably in terms of higher peak powers. The shorter the duration 
of a laser pulse with a given energy, the higher the peak power will be. In order to convert a laser 
from a continuous wave laser to a pulsed laser, a simple modulator can be used. However, the 
disadvantages of a modulator are that there are a lot of losses at the modulator itself, and in 
addition, the pulse duration is limited to the bandwidth of the modulator. In order to obtain pulses 
in the nanosecond regime or shorter, other methods are required. There are several methods but 
the two that will be considered here, which apply to the lasers used for this work, are the following: 
 Q switching, used to generate pulses in the nanosecond regime, with repetition rates from 
single-digit Hz up to several kHz. Q switched lasers usually generate pulses with energies of 
several mJ. 
 Mode locking, used to generate much faster pulses usually in the picosecond or 
femtosecond regime, with energies in the μJ range and repetition rates typically in the MHz 
or GHz range. The repetition rate can be reduced in a mode-locked laser with the use of a 
pulse picker, which allows passage of one in every N pulses generated by the mode locking 
process. These picked pulses can also be further amplified by a fibre amplifier, as used in the 
mode locked laser used in the engineering doctorate, described later. 
2.1.3 Q switching 
Q switching is a method used to obtain short pulses with high energy and high peak power. It is most 
commonly applied in solid-state bulk lasers and usually results in nanosecond pulses. It is achieved 
by controlling the losses within the laser resonator, which modifies a value known as the Q factor. 
The Q factor is a measure of the strength of a laser resonator’s damping.  It depends on the optical 
frequency ν0 (Hz), the fractional power loss l per round trip within the resonator, and the round-trip 
time of the laser light, Trt (seconds). The relationship is given in Equation 1. 
   𝑸 =  𝝂𝟎 𝑻𝒓𝒕
𝟐𝝅
𝒍
     Equation 1 
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Q switching works by maintaining the resonator losses at a high level initially. When this is the case, 
there is no lasing, the optical pump light accumulates within the gain medium and energy begins to 
accumulate within it. Spontaneous emission, where excited laser-active atoms emit light as they 
return to the ground state, though not necessarily as a result of optical pumping as with stimulated 
emission, still occurs and can limit the level of energy accumulation within the gain medium. 
Additionally, the amount of pump energy delivered to the gain medium limits the accumulation of 
total energy within it.  
After a set time period, the losses are quickly reduced to a small value, greatly increasing the Q 
factor, so that power rapidly builds up within the resonator and a pulse with high peak power is 
released. The duration of this pulse is usually equal to the time for several round trips within the 
resonator, in the nanosecond range. The peak power can reach anywhere in the order of megawatts 
or tens of megawatts, significantly higher than continuous wave lasers. A high gain is desirable for 
shorter, more powerful pulses, but too high a gain will result in parasitic lasing, where lasing 
happens too early and energy is lost. It is for this reason that the pulse duration of Q switching 
cannot be reduced to lower than a few nanoseconds. Limitations also arise with the length of the 
resonator. A shorter resonator gives shorter pulse durations but physical limitations occur; the 
resonator can only become so short before the components do not fit. 
Q switching can be performed actively, using an acousto-optical modulator (AOM), or passively using 
a saturable absorber. These are placed in the resonator in line with the gain medium. Passive Q 
switching is more cost-effective due to the non-requirement of electronics and the AOM. However, 
the pulse energies are generally lower than with active Q switching. 
One of the most common forms of a Q switched laser is an Nd:YAG solid state bulk laser with active 
Q switching. Typical output values of such a laser may be around 100 mJ pulse energy, 10-1000 Hz 
repetition rate and around 10 ns pulse duration.  
Q switched lasers are typically used for cutting, laser marking, drilling, range finding and remote 
sensing (Paschotta, 2008a).  
2.1.4 Mode locking 
Mode locking is a method of obtaining ultrashort pulses, in the region of picoseconds or 
femtoseconds. It is achieved by placing either an active or a passive element into the laser resonator. 
An active element could be an acousto-optic modulator (AOM) or electro-optic modulator. 
Alternatively, a passive element would be a saturable absorber, in many cases a semiconductor 
saturable absorber mirror (SESAM).  
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2.1.4.1 Active mode locking 
Active mode locking operates by synchronising a modulator with the round trip time of a laser pulse 
within the resonator. When this is achieved, the edges of the pulse are attenuated slightly and the 
pulse is further shortened on each resonator round trip. This continues until other effects cancel out 
this effect, such as pulse broadening due to chromatic dispersion. In general terms, the lower the 
chromatic dispersion the shorter the pulse that can be achieved. Pulses generated by active mode 
locking are usually in the 1-100 ps range. Active mode locking requires electronic components and 
accurate synchronisation, which puts it at a disadvantage to passive mode locking in most cases, 
except for when multiple simultaneously synchronised lasers are required in one system. Figure 2-3 
shows a simplified schematic of the active mode locking setup. 
 
Figure 2-3 - Schematic of active mode locking in an optical resonator. 
2.1.4.2 Passive mode locking 
Passive mode locking uses a saturable absorber instead of an electronically controlled modulator, as 
shown in Figure 2-4. A saturable absorber is a material that can be manipulated to have an equal 
number of excited laser-active atoms and laser-active atoms in the ground state. When the material 
is in this state, it is said to be saturated. A schematic of this process is shown in Figure 2-5.  
 
Figure 2-4 - Schematic of passive mode locking in an optical resonator. 
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Figure 2-5 - Saturation in a saturable absorber. With an equal amount of excited and ground state 
atoms, two incident photons result in two output photons, as one causes stimulated emission and 
the other is absorbed by a ground state electron. 
In order to saturate a saturable absorber, one simply needs to irradiate it with enough photons until 
saturation is reached. If the light intensity is reduced following saturation, excited electrons will 
begin to drop to the ground state and initiate spontaneous emission. Due to this effect, the 
saturable absorber is opaque to low intensity light, and transparent to high intensity light. Figure 2-6 
demonstrates the change in reflectivity due to different light intensities, and depends on the degree 
of saturation of the saturable absorber. 
 
Figure 2-6 - Reflectivity of a typical saturable absorber, which is dependent on the saturation 
parameter, S, and the intensity of the incident light (after Paschotta, 2008b). 
In order to maintain the circulation of light within the optical resonator, the saturable absorber must 
be placed onto a mirror, to reflect high intensity light back into the resonator. A typical device with 
such a construction is a semiconductor saturable absorber mirror (SESAM).  A common SESAM 
construction is shown in Figure 2-7. 
The Influence of Laser Parameters on the Surface Processing of Materials 
14 
 
 
Figure 2-7 - Common SESAM construction. Nano-sized layers of GaAs and AlAs are grown on a 
GaAs substrate to form a Bragg mirror. An InGaAs saturable absorber is situated near the top 
surface of the SESAM. 
When a laser pulse within the resonator hits the SESAM, the edges of the pulse (which has a 
Gaussian distribution), are ‘trimmed’ off, as they are not intense enough to transmit through the 
saturable absorber. The remaining pulse is then reflected by the Bragg mirror and proceeds on 
another round trip within the resonator. As the pulse completes millions of round trips, it is trimmed 
even further and becomes an ultrashort, very intense, pulse. Figure 2-8 shows this effect in graphical 
form. 
 
Figure 2-8 - Saturable absorber trimming of a laser pulse due to the variable optical loss, 
dependent on intensity. 
2.2 Laser performance specifications 
In order to select the most suitable lasers for this work, a multitude of performance specifications 
had to be considered. Laser manufacturers often give most of the performance specifications, but a 
broad experience and particular diligence is required in order to identify which specifications are 
crucial in determining whether a particular laser is suitable. Often the laser supplier will work with 
the customer and provide the broader experience in terms of laser specifications in order to find the 
ideal match, but a detailed knowledge of the requirements of the project is required of the Research 
Engineer in order to provide the supplier with enough information to make the correct 
specifications. This was important in nominating the lasers used for the research. 
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2.2.1 Output power 
The output power is usually one of the first specifications given by a supplier. It is usually an average 
power. As the average power may vary depending on other factors listed below such as the 
repetition rate, it is important to know the precise average power as other variables change, in order 
to tailor the laser to the application. 
2.2.2 Beam radius 
This is the radius of the beam after it has exited the laser oscillator. Output beams can vary in radius 
with increasing distance from the output aperture so a knowledge of what the beam radius is, and 
where it has been measured is very important in both determining the suitability of the laser, and 
final beam spot size calculations performed after steering the beam onto its target. 
2.2.3 Collimated, divergent or convergent beam 
Laser outputs can be collimated, divergent or even convergent. If the beam is not collimated then 
the beam radius will vary with distance from the aperture, and more detail of the location of the 
beam radius measurement is required. If the beam is collimated then it maintains the same radius 
through its entire length. 
2.2.4 Beam quality (M2 factor) 
Generally speaking, beam quality describes how well a laser beam can be focussed. The most 
common way to do this is by assigning an M2 factor. The M2 factor is the beam parameter product 
divided by λ/π, which represents the beam parameter product for a perfectly Gaussian beam at the 
same wavelength (λ) as the measured beam. In order to calculate the beam parameter product, one 
must know the beam radius at the beam waist (where the beam is at its thinnest), in addition to how 
fast the beam diverges at a significantly far distance from the beam waist. A beam with absolutely 
no divergence would have an M2 factor of 1. This is the limit, no smaller values are possible. The 
beam quality specifications are important even for so-called ‘collimated’ beams, as they will not 
have an absolutely perfect beam quality. M2 values of < 1.3 are generally considered acceptable for 
most applications where a collimated beam is desired.  
2.2.5 Pulse repetition rate, pulse energy and pulse duration 
Pulse repetition rate (PRR) denotes the number of pulses emitted by the laser oscillator per second. 
As will be discussed later in the HYLASE-25-SHG specifications, a change in pulse repetition rate can 
also change other laser parameters with it, namely the pulse energy and average power. It is 
important to know these changes in order to be able to calculate new operating parameters from 
them. Q-switched lasers can operate anywhere from 1 Hz to 100 kHz, and mode locked lasers can 
achieve anything in the range of 100 kHz to 1 GHz. The energy (in Joules) per pulse is not always 
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specified, but can be calculated by dividing the average power in W, by the pulse repetition rate in 
Hz. If the pulse energy is not specified then knowledge of the average power at each possible 
repetition rate is required. The pulse duration must be specified within a range, as there are factors 
such as chromatic dispersion which can affect the pulse duration in mode locked lasers on each 
resonator round trip. These variances are usually mitigated but a specified minimum and maximum 
pulse duration is required to determine the repeatability of the laser during operation. 
2.2.6 Wavelength 
The output wavelength of the laser will be within a certain range called the spectral bandwidth, and 
this range ideally should be either fixed, or at a minimum. An upper and lower wavelength should be 
known, or both the central wavelength and the spectral bandwidth. 
2.3 Review of surface treatment methods for polymer materials 
Surface treatment of polymers has been a major part of joining techniques for many years, and 
there are various methods for doing so. There have been extensive studies done on these 
treatments in the past, so a quick review will be done here to summarise them. This will be followed 
by a more detailed review on laser surface treatment of polymer materials which will outline the 
major mechanisms and processes involved when a laser beam interacts with a polymer surface. 
Mechanical surface treatment is a generally more basic way of treating polymers. (Ebnesajjad and 
Ebnesajjad, 2006) While the technology and mechanisms involved when dealing with metals can be 
quite complex, it is the inability to increase the polar contribution to surface energy on low energy 
polymer surfaces which render it an ineffective method for the treatment of polymers compared 
with others which do create polar groups on the surface.   
Chemical treatment is highly effective at oxidising polymer surfaces and increasing surface energy, 
wettability and adhesion, and also gives outstanding durability (Sheng et al., 1995; Urbaniak-
Domagala, 2011). However, storage, usage and disposal of harmful chemicals is a major 
disadvantage in industry, and chromic acid etching, one of the more popular techniques, is 
controversial as regulations seek to eradicate chromium-based acids from industry. 
Plasma treatment is another effective method of increasing the polar contribution to surface energy 
and is a robust technique. Many studies have been performed on plasma treatment of polymers and 
it has been shown to be excellent for wettability and adhesion (Ebnesajjad and Ebnesajjad, 2006; 
Schonhorn and Hansen, 1966; Burkstrand, 1978; Guezenoc et al., 1993; Poncin-Epaillard et al., 1994; 
Klemberg-Sapieha et al., 1991; Liston et al, 1994). It can also be used to chemically change the 
surface without affecting its topography (Comyn et al., 1995). A drawback of this technique is that it 
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cannot be localised in the same way that a laser beam can, which limits its applications to large area 
treatments. 
Corona discharge has a similar portability issue to plasma treatment, except it does not require a 
vacuum to operate. It also is very effective at oxidising low energy polymers, and is a very good 
technique for improving adhesion (Briggs and Kendal, 1982). Inconsistent treatment across surfaces 
has been reported, making it not as homogeneous in its activation of surfaces as plasma and 
chemical treatments. Corona treatment is an excellent method for treatment of thin films on rolls, 
but can be slow. It could be impractical to convert to processing of thicker substrates. 
Flame treatment can also be used successfully to treat low energy polymer surfaces. Oxidation is 
again the route towards increased adhesion, but the drawbacks of flame treatment are its 
complicated nature and high sensitivity to changes in conditions (Brewis et al., 1995). 
Lasers offer a positive alternative to the previously described treatments. Excimer laser treatment 
has been shown to be very successful in improving adhesion of PEEK and PP, amongst other 
polymers.  There are a wide range of gases which can be used to give various wavelengths of light, 
which can be tailored to the specific polymer. While excimer laser treatment is very successful and 
has been studied extensively, there are fewer investigations of PP and PEEK treated with solid-state 
lasers. The next section details laser surface modification for polymer applications. 
2.4 Lasers used for surface modification of polymers 
2.4.1 Introduction 
Lasers have been successfully been used in the past to change the surface properties of materials. 
This study will look at the particular mechanisms which occur as a function of the laser irradiation. 
The mechanisms covered here such as creation of functional groups, improvement of adhesion 
strength and surface cleaning properties are all mechanisms which will occur as a result of the 
experiments conducted during this engineering doctorate. 
2.4.2 Gas lasers 
The main gas laser used for the surface modification of polymers is the excimer laser. Tavakoli et al. 
(1990, 1994, 1996) have researched the use of such laser with good levels of success. The term 
‘excimer’ is sometimes misused, as it means ‘excited dimer’ and sometimes the constituents used 
are complexes rather than dimers. The term ‘exciplex’ is another term which is more correct; 
however ‘excimer’ is universally recognised and will be used in this text. 
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A gas laser operates by discharging an electric current through a gas. The type of gas and the power 
of the electric discharge can be altered to give different forms of light. The photons emitted are all 
the same wavelength, and therefore constructive interference is prevalent. Various gases can be 
used as the lasing medium, and each tends to give a characteristic wavelength of light when 
electrically activated. 
Typically an excimer laser will emit light in the ultra violet range, and the type of gas used will vary 
the wavelength of the particular laser. These are normally noble gases or a noble gas compound. 
Table 2-1 shows the different gases and their corresponding wavelengths. 
Table 2-1 - Different gases used in excimer gas lasers and their corresponding wavelengths. (after 
Song and Netravali, 1998) 
Excimer (Exciplex) Wavelength 
Ar2 126 nm 
Kr2 146 nm 
F2 157 nm 
Xe2 172 nm 
ArCl 175 nm 
ArF 193 nm 
KrCl 222 nm 
KrF 248 nm 
XeCl 308 nm 
XeF 351 nm 
 
Tavakoli and Riches (2000) investigated three types of excimer laser for the surface treatment of 
PEEK, carbon fibre reinforced PEEK composite (APC-2), several different liquid crystal polymers and 
polyamide 4, 6. They used a XeCl excimer laser (308 nm wavelength), an ArF laser (193nm) and a KrF 
laser (248 nm). These were used in a pulsed setup with a pulse duration of 10-15 ns and a frequency 
of between 2 and 50 Hz. Figure 2-9 shows the effect of the three types of excimer laser treatment at 
various frequencies on the mean lap shear strength of PEEK. 
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Figure 2-9 - Three excimer laser types and their effect on PEEK mean lap shear strength at various 
laser frequencies compared to a degreased and abraded control. (Tavakoli and Riches, 2000) 
All three excimer lasers were successful in increasing the lap shear strength of PEEK. However, XeCl 
and KrF were most effective at 2Hz and ArF was most effective at 25Hz. There is no attempt in this 
paper to explain these differences. There was also a remarkable retention of the lap shear strength 
after ageing at 50°C and 96% relative humidity for 1750 hours.  
Hiraoka (1995) reported an increase in hydrophilicity of acrylonitrile butadiene styrene (ABS) when 
treated with an ArF excimer laser and an Nd:YAG laser at 266nm in air. This was attributed to 
creation of carbonyl groups on the surface in the case of the ArF laser treatment, though this was 
not seen on the Nd:YAG treated sample. 
Muruhara and Okoshi (1995) also used ArF excimer laser treatment but on polypropylene, also for 
improved adhesion. This treatment was conducted in water and it was reported that OH groups 
replaced H atoms on the surface of the substrate. These OH groups increased hydrophilicity and 
improved adhesion as demonstrated by contact angle analysis, XPS and tensile shear tests. Figure 
2-10 shows this in graphical form in relation to the number of laser shots on the surface. 
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Figure 2-10 - Water contact angle, tensile shear strength and O1s concentration of polypropylene 
in relation to number of laser shots (after Muruhara and Okoshi, 1995) 
The relationship between O1s concentration, contact angle and tensile shear strength can be quite 
easily seen here. With increasing O1s concentration, the contact angle is lowered due to the 
increased surface energy caused by the introduction of OH groups on the surface. The tensile shear 
strength was increased seven-fold over an untreated sample and it was shown that this was not due 
to a change in topography, but due to the increased polarity caused by the OH groups. This effect of 
chemical functionalization of the surface is similar to the surface modification studies performed as 
part of this engineering doctorate, detailed later in this thesis. 
Surface roughening of ultra-high strength polyethylene fibre (UHSPE) was seen following XeCl laser 
irradiation (Song and Netravali, 1999). This does show that with particular treatments, energies and 
wavelengths, different surface results can occur. Increased surface energy using contact angle 
analysis was shown, with the water contact angle reducing to 97.7° from 101.8°. XPS showed an 
increase in oxygen on the surface of the fibres after laser treatment. As seen in previous studies, 
however, FT-IR-ATR analysis showed little change in the surface chemistry. As before, it was 
suggested that this technique has too large a sampling volume to record the changes occurring on 
the surface. 
Wingfield (1993) conducted a review of multiple surface treatment methods prior to adhesive 
bonding for composite materials (solvent wipe, detergent rinsing, alumina grit blasting, SiC and 
nylon abrasion, soda blasting, peel ply, corona discharge and excimer laser). The important factors 
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were stated as the removal of surface contamination such as fluorocarbons and silicones, and in 
particular, excimer laser radiation with a peak power of up to 50MW was said to be absorbed by an 
organic polymer strongly in a 1μm layer, resulting in rapid bond breaking and dissipation of the 
material with minimal thermal effect.  
2.4.3 Solid state lasers 
Solid state lasers have a crystalline material as the lasing medium instead of a gas, and are pumped 
optically. The first laser developed used a ruby material and was a solid state laser. Modern solid 
state lasers tend to use different materials, the most common being neodymium doped crystals, 
such as yttrium aluminium garnet (YAG). 
There have been remarkably few studies on the use of a solid state laser on thermoplastics such as 
PP and PEEK for adhesion. There is some literature on solid state lasers for adhesion in medical 
applications.  
Lawrence and Li (2001) conducted a comparative study of polyethylene (PE), treating the material 
with a CO2 laser, Nd:YAG pulsed laser, KrF excimer laser and a high-power diode laser (HPDL). They 
reported that very little change in the surface wettability was recorded after treatment with the CO2, 
Nd:YAG and HPDL lasers. In contrast, the excimer laser provided an increase in the wettability. This 
was also seen in the surface oxygen content using XPS. The excimer laser increased the surface O2 
content to 30.1 at. % from 12.8 at. %. Conversely, the three other lasers decreased the content 
slightly, to 12.1 at. % (HDPL), 12.5 at. % (CO2) and 12.4 at. % (Nd:YAG). Table 2-2 displays the surface 
energy measurements deduced from contact angle recordings. 
Table 2-2 - Surface energy measurements of PE taken after irradiation with 4 different laser types 
(Lawrence and Li, 2001) 
Surface energy component Untreated CO2 Nd:YAG HPDL Excimer 
Dispersion (mJ m-2) 33.7 34.2 35 34.6 35.9 
Polar (mJ m-2) 3.26 4.32 3.88 4.47 10.21 
It would appear that the excimer lasers are more effective at increasing the surface oxygen of 
polymer materials from these previous works. This is understandable when the wavelengths of the 
lasers are considered. Excimer lasers are predominantly UV lasers, emitting ultra-violet radiation. 
Polymers have a high absorption rate in the UV, and thus the excimer beam will break covalent 
bonds within the polymers easier. However, Er:YAG and Nd:YAG lasers in the near-IR have also 
succeeded in improving the adhesion characteristics of polymer materials. This suggests that 
wavelength is not the only factor influencing the surface treatment ability of lasers. An Nd:YAG laser 
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with a wavelength of 1064 nm (near-IR) was selected for the engineering doctorate, to investigate 
the effect of these lasers further, as detailed later in the thesis. 
2.4.4 Summary of lasers for surface modification 
This section has briefly summarised the various existing methods for surface treatment of polymers, 
with a particular focus on PP and PEEK. Mechanical, chemical, plasma, corona and flame treatment 
have been briefly mentioned with some advantages and disadvantages, followed by a more in-depth 
look at lasers currently used for polymer surface treatment. Primary mechanisms of laser treatment 
are surface cleaning, where extraneous material is removed, and surface functionalization. Surface 
functionalization is primarily oxidation of available sites on the polymer surface, increasing the 
surface O2 content. The next section will study the effects of laser treatment at higher power 
intensities, and shorter pulse lengths, namely laser ablation with ultrashort, or ultrafast pulsed 
lasers. 
2.5 Laser ablation of materials 
Lasers have been extensively used to initiate ablation mechanisms in materials. Nd:YAG lasers and 
excimer lasers are popular for use in laser ablation applications. Nd:YAG lasers are used for their 
relatively low cost, ease of maintenance, and the beam encounters very little divergence (Schneider 
and Lippert, 2010). Nd:YAG lasers also have the advantage of the beam being of a Gaussian profile. 
Excimer lasers are also used, and have the advantage of a better defined beam profile and higher 
average power output. However, they are typically very bulky and contain hazardous gases, which 
are required for generation of the laser beam.  
2.5.1 Ultrashort laser-material interaction 
In order to be able to understand the effect of a laser beam on a material, and more importantly 
why different pulse durations have very different effects on a material, first the lattice and electronic 
dynamics of the material must be considered. In order for any mechanism to occur, the laser energy 
must be absorbed by the material. Various dynamics have typical time scales and this can have an 
influence on the material interaction with the laser. 
Laser light is absorbed through electronic transitions, both intra- and inter- band. A non-equilibrium 
distribution of electrons results and then converts to thermal energy via electron-electron and 
electron-phonon transitions. In the case of insulators such as polymers, and semiconductors, 
electrons are promoted from the valence band into the conduction band, which results in electron-
hole pairs being created. The relaxation of these excited electrons restores equilibrium, and 
depending on the type of insulator or semiconductor, the time taken for this relaxation can be up to 
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the order of nanoseconds (Carpene, Hőche & Shaaf, 2010).  The difference in time between these 
interactions means that the initial laser pulse duration has a profound effect on the material 
response.  
Electron-electron interactions are extremely complex, and due to the timescales involved with these 
interactions (the order of femtoseconds), these interactions can only be studied by use of laser 
pulses whose length match the time taken for the interaction. Also, with pulse durations as short as 
a few femtoseconds, the lattice is not thermalized and the interactions can be considered ‘cold’ as 
there is little to no energy transferred from the electron cloud to the lattice. For longer pulse 
durations, the electron-electron interaction occurs within the pulse duration and electron-phonon 
coupling becomes important. 
Electrons, as well as interacting with each other, also interact with the lattice, via electron-phonon 
coupling. A simple approach to this has been developed by P.B Allen (1987). Allen derived an 
expression regarding the transfer of energy from the electrons to the lattice, enabling the electron-
phonon coupling rate to be calculated. This is summarised by Carpene, Hőche & Shaaf (2010). The 
electron-phonon coupling time was two orders of magnitude slower than the electron-electron 
interactions, that is, up to 10 ps in the case of metals. For insulators and semiconductors, this time 
could be even longer. 
The time taken for these interactions means that the pulse duration of the laser can significantly 
affect the characteristics of the energy absorption and transfer during laser irradiation. Figure 2-11 
shows laser pulses of 3 different durations on copper. 
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Figure 2-11 - Electronic and lattice temperature profiles of copper irradiated with laser pulses of 50 
fs, 5 ps and 500 ps (after Carpene, Hőche & Shaaf, 2010). 
As shown in Figure 2-11, at a pulse duration of 50 fs, the lattice is significantly unaffected by the 
laser beam. This is because the pulse is short enough to be less than the timeframe required to 
initiate electron-phonon coupling and transfer energy to the lattice. At 500 ps, the electrons and the 
lattice follow an almost identical temperature change. This is because the pulse duration is 
significantly longer than both the electron-electron and electron-phonon interactions, and the 
resulting behaviour is as if there is a local thermal equilibrium. In this case, the laser can be seen as 
merely a direct heat source into the material, due to the energy transfer into the lattice.  
2.5.2 Importance of laser wavelength 
The wavelength of the laser beam is an important factor for laser ablation. Typically speaking the 
shorter the wavelength, the greater the rate of ablation. Nd:YAG lasers generate a laser wavelength 
of 1064 nm, and this near infra-red wavelength can be doubled into the visible (532 nm), and tripled 
(355 nm), quadrupled (266 nm) and quintupled (213 nm) into the ultraviolet wavelengths (Chen et 
al, 1995). A shorter wavelength means higher photon energy, allowing more ionization of the target 
material. However, this is not the only factor which determines the suitability of a wavelength for a 
particular material. The absorption characteristics will also determine the most suitable laser 
wavelength for the application. 
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2.5.3 Regimes of laser ablation 
Two regimes of ablation have been found to exist when dealing with ultrafast laser ablation of 
materials. Nolte et aI. discovered this in 1997, and  Nicolodelli et al. (2011) did work which also 
supported the existence of two regimes of ablation. These regimes were discovered during ultrafast 
laser processing of copper with a laser fluence ranging from 0.1 J cm-1 to 10 J cm-1. 
Below 0.7 J cm-1, it was found that good machining quality and a high level of accuracy was 
achievable, but once the fluence rose above 0.7 J cm-1, a second regime took over and molten 
material was found to deposit onto the surface of the processed area. This appeared to be 
independent of the pulse duration, even down to a pulse duration of 150 fs. 
2.5.3.1 Low fluence regime 
When laser fluence is in a low regime, for example 0.7 J cm-1 in the case of copper, ablation happens 
but no plasma is formed as the fluence is below the threshold of plasma formation. Two types of 
mechanisms can occur in this regime, non-thermal and thermal mechanisms. The non-thermal 
mechanisms are mainly spallation, and the thermal mechanism is melting. 
2.5.3.1.1 Spallation  
Spallation is a non-thermal mechanism whereby material is removed via an applied stress or impact. 
Perez and Lewis (2003) found by simulation that ultrashort laser irradiation can greatly affect the 
internal pressure of a solid material and also cause it to expand. Figure 2-12 gives simulation results 
after a 200 fs laser pulse in the low fluence regime. At 10 ps small pores become visible at the 
surface. This is due to the tensile wave created by the laser pulse propagating through the bulk 
material. As time progresses the voids within the bulk combine together and the top layers break 
away. The tensile wave only develops within the material so this explains why there are several 
layers being removed together. 
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Figure 2-12- simulated temporal evolution of the spallation mechanism, showing a layer of 
material being removed from the bulk via laser ablation (after Perez & Lewis, 2003) 
2.5.3.1.2 Melting 
The speed and degree of melting of a material as a result of laser irradiation depends very much on 
its electron-phonon coupling ability, which is the ability for the electrons in the material to transfer 
energy to the lattice. Melting also depends on the pulse duration, and on laser fluence. Materials 
with a weak electron-phonon coupling ability take longer to melt than materials with a higher 
electron-phonon coupling ability. In addition, with laser pulse durations which exceed the electron-
phonon coupling time frame, the thermal expansion throughout the bulk material is gradual and 
uniform, whereas laser pulses which are shorter than the coupling time produce pressure waves and 
elastic oscillations throughout the bulk material. Ivanov & Zhiglei (2003) found that nickel, with a 
strong electron-phonon coupling ability (53.63 x 1017 W/m3K) started to melt 14 ps after being hit 
with a 200 fs laser pulse near the melting threshold (0.043 J cm-1), with melting complete 5 ps later 
at a depth of 30 nm. Melting proceeded through the bulk in a homogeneous fashion.  
Comparatively, gold, with a weaker electron-phonon coupling ability (2.1 x 1016 W/m3K) took 60 ps 
to begin even slightly melting and was still not completed after 110 ps. The temperature distribution 
in gold was found to be uneven as a result of heterogeneous melting. This means that materials with 
a weaker electron-phonon coupling ability are not as susceptible to melting mechanisms. 
In the same work, laser pulse duration was varied on nickel and it was found that there was a 
significant pressure build up with 200 fs pulses, resulting in elastic oscillations throughout the bulk. 
With a 50 ps pulse, the bulk material undergoes a gradual thermal expansion, suggesting that pulses 
longer than the electron-phonon coupling time result in steady transfer of energy from the electrons 
to the lattice, and subsequently, heating of the material.  
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2.5.3.2 High fluence regime 
2.5.3.2.1 Phase explosion 
When the laser fluence rises higher (above 0.7 J cm-1 when remaining with the example of copper), 
the ablation mechanism takes on an added complexity. Electrons with more ballistic energy 
penetrate deeper into the bulk of the material, contributing to higher pressure and temperature. 
Different phase transitions occur when the energy reaches this high level. (Cheng et al., 2013). Phase 
explosion occurs as a result of combined heating, thermal expansion, and tensile stress waves 
induced by the laser. Significant homogeneous nucleation occurs within a few picoseconds and the 
material is superheated into a vapour phase, migrating toward the surface of the material and 
bursting free into a mixture of liquid droplets and superheated gas particles.  
2.5.4 Incubation effect 
In many cases, the ablation rate depends on the number of pulses incident on the material. This is 
described as the incubation effect. The incubation effect can be explained as a development of new 
micro and nano structures within the material as it is irradiated, changing the absorption 
characteristics of the material with each successive laser pulse. The fluence required can be lower 
than the initial ablation threshold, meaning that due to the incubation effect, some materials can be 
ablated with a fluence below the theoretical ablation threshold fluence. In addition, the threshold 
fluence is reduced with each successive laser pulse. 
The incubation effect has been found to be a factor with most materials, including metals (Mannion 
et al., 2004) and polymers (Baudach et al., 2000). Baudach et al (2000) reported that when ablating 
polycarbonate and polymethylmethacrylate, the ablation threshold fluence varied from 0.5 - 2.5 J 
cm-2, and this depended significantly on the number of laser pulses incident on the same area. This 
was attributed to the incubation effect. Figure 2-13 shows PMMA after irradiation with N number of 
pulses. After 1 pulse, there is no discernible removal of material or redeposition of molten material 
around the perimeter of the laser spot. However, the material has swollen within the beam spot 
area, as in Figure 2-13 (a). This is attributed to polymer fractionation and breaking of CO-O bonds 
and evolution of CO2 vapour which escapes in a localised ‘burst’. With successive pulses this process 
is enhanced and the vapour pressure builds, eventually reaching a level where material is ejected 
from the surface, as depicted in Figure 2-13 (b) and (c) 
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Figure 2-13- SEM images of PMMA after laser treatment (pulse duration = 150 fs, λ = 800 nm, 
fluence = 3.0 J cm-2, (a) N =1, (b) N=5, (c) N=100 (after Baudach et al (2000)))  
2.5.5 Creation of plasma 
One of the key features involved in laser ablation is the formation of a plasma above the irradiated 
material when laser photons hit. This generated plasma can then have an influence on the 
subsequent laser pulses incident on the material and change the mechanisms or efficiency of the 
laser ablation process. 
When laser ablation occurs, materials that have been ejected from the surface of the substrate form 
a plasma. A plasma is an ionized gas containing neutral, negatively and positively charged particles. 
Overall, however, it is classified as neutral as the electrons have a very small mass and thus a high 
mobility and the charged particles have a strong Coulomb force which is restricted by electrostatic 
shielding (Mihailescu and Hermann, 2010). 
Mao et al (2000) produced a simulation of the development of plasma generated from picosecond 
laser irradiation of a copper target. At the beginning of the picosecond pulse, the target absorbs 
photons and gains electron and lattice temperature, due to the electron-electron and electron-
phonon interactions. Some electrons acquire sufficient energy to overcome the surface energy of 
the material, and are ejected. These ejected electrons had a significant contribution to the creation 
of the plasma above the copper target. They acquire energy from subsequent laser pulses via inverse 
Bremsstrahlung processes, and ionize the ambient gas through collisions. These collisions result in a 
breakdown of the ambient gas into ions. The plasma reaches a final density which depends on the 
laser fluence. 
Laser induced plasmas can have lensing effects on the incoming laser beam. It can defocus the beam 
and result in a less efficient ablation process, due to decreased fluence on the target material. Laser 
induced plasma can also act as a barrier which strongly absorbs the laser beam. In this case, the laser 
energy no longer reaches the target and the subsequent laser pulses only results in sustaining the 
plasma rather than ablating the target. Fallahi et al (2012) found that with increased laser scanning 
speed, the plasma formation is more likely to occur despite the reduced overall energy input over 
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the length of a cut using a CO2 laser on stainless steel. This was due to the increased inclination and 
elongation of the cutting front with increased speed, resulting in a higher interaction time between 
the ambient gas and in this case, the molten stainless steel.  
2.5.6 Effect on pulse duration on ablation efficiency of materials 
Figure 2-14 (Shaaf et al., 2010) is a schematic showing the difference in ablation between an incident 
short pulse and an incident long pulse. 
 
Figure 2-14 - A short (femtosecond) laser pulse vs a longer (nanosecond) laser pulse and the effect 
on the target (after Shaaf et al., 2010) 
The shaded area is the excited region, and the darker the shading, the stronger the excitation. With 
a short pulse, the target area is heavily excited immediately and is entirely ejected from the 
material. There is minimal transfer of excitation to regions outside the target area.  
With a longer pulse, the excited area is smaller and is only weakly excited. This excitation then 
propagates through the material as the initial excited area is further excited by the pulse as it 
continues for a longer duration than the short pulse. The central area is ejected from the target 
while the pulse is still in effect, and the regions outside are further excited and are eventually 
ejected themselves. The ejected materials form a plume which absorbs the incident pulse further, 
creating a plasma, which absorbs even further laser energy, causing ejected material to be sputtered 
back to the target surface. 
As discussed in section 2.5.1, the pulse duration can remarkably affect the material response 
depending on its relation to the electron-phonon coupling time. Because of this, ultrafast laser 
ablation has the advantage of what is often coined ‘cold ablation’. In terms of ablation efficiency for 
micromachining applications, the trend seems to suggest shorter pulses give increased 
micromachining efficiency due to a shorter heat diffusion depth.  
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This trend is not always followed, however, when laser pulse duration reaches < 10 ps (Breitling et 
al, 2004; Dausinger et al, 2005).  Figure 2-15 shows this negligible difference when micro-grooves 
were created on Al and Cu at pulse durations of 120 fs and 4.5 ps. Smooth grooves were formed on 
Cu at both laser pulse durations, and the melt region either side of the groove on Al was present for 
both pulse durations as well. 
 
Figure 2-15 - SEM images highlighting the negligible effect of pulse duration between 120 fs and 
4.5 ps on micro-grooves created on Cu and Al (After Le Harzic et al. 2005). 
As has already been discussed, with decreasing pulse duration, the thermal effect on the material is 
diminished. On the other hand, with decreasing pulse duration, there is an increase in optical 
effects, most notably optical distortion effects. Non-linear light self-focussing may occur when the 
laser interacts with the air on its journey to the target material and the beam spot becomes severely 
distorted (Breitling et al, 2004). Figure 2-16 shows the trend of precision with varying pulse duration, 
and illustrates the thermal and optical distortion effects that occur either side of the optimal pulse 
duration range. In direct contrast to these findings, however, Yang et al. (2007) reported an increase 
in ablation rate with decreasing pulse duration, even below 10 ps. This is shown in Figure 2-17. 
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Figure 2-16 - Illustration showing the dependence of micromachining and ablation precision on the 
laser pulse duration. A middle ground of between 1 ps and 10 ps is suggested to avoid thermal 
effects at longer pulse durations and optical distortion effects at shorter pulse durations (After 
Breitling et al, 2004). 
 
Figure 2-17 - Dependence of ablation depth of Al and Cu on the laser pulse duration, indicating an 
increase in ablation rate below 8 ps (after Yang et al., 2007). 
2.5.7 Summary of fundamentals and factors affecting micromachining efficiency 
Laser ablation is a complex process and is heavily affected by the specific material properties, 
wavelength, pulse duration, fluence, number of pulses and other factors mentioned previously. 
However, it is impractical to select a laser for each specific application. Because of this, a laser was 
selected which can be used for as many applications as possible.  In this work, one of the target 
materials is a transparent urethane acrylate, formed as a coating on a copper fibre. The urethane 
acrylate coating is transparent to visible and near-IR light, which would make direct ablation difficult 
for any wavelength other than UV. However, there exists a method which can be used to indirectly 
ablate a transparent material; laser induced plasma-assisted ablation. 
2.5.8 Laser induced plasma-assisted ablation (LIPAA) 
LIPAA is a technique mainly used to microfabricate features on glass substrates, primarily for phase 
shift masks, optical waveguides and UV optics (Hong et al., 2003). Using the laser-induced plasma 
generated when the target is ablated, the transparent material can be ablated. 
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The transparent material is placed in front of a solid target, which is usually a metal. The metal has a 
higher absorption of the laser than the transparent material, and is subjected to a standard ablation 
process. The plasma generated in front of the metal target then travels towards the transparent 
material at a very high speed and interacts with it. A combination of this interaction, along with 
further interaction with the incoming laser pulses with the plasma, results in a modification of the 
properties of the transparent material. In a manner similar to the incubation effect, successive laser 
pulses then have a stonger absorption by the transparent material and direct ablation of the 
transparent material from the back side is achieved. With enough pulses, the ablation progresses 
from the back side, through the material towards the laser, eventually resulting in ablation of the 
front of the transparent material.  This technique has been adapted in this engineering doctorate 
from micropattering and microfabrication of glass substrates, to removal of a transparent polymer 
from a metallic substrate. 
2.6 Summary of review of laser processing of materials 
In this review, attention has first been paid to how laser beams are generated, followed by an 
investigation into how pulsed lasers are formed and the methods used to obtain specific pulse 
durations. The importance of accurate laser performance specifications is then discussed. 
2.6.1 Laser surface treatment 
Attention was given to surface treatment methods, primarily for their use on polymer materials. 
There are several methods which are successful in improving the surface characteristics of polymers, 
but none have the precision or accuracy of laser surface modification. A review of the current lasers 
and laser processes used for polymer surface modification was performed, which indicated that in 
particular, Nd:YAG lasers operating in the infra-red could benefit from more study due to their ease 
of setup and use, combined with some evidence of surface modification success. 
2.6.2 Laser ablation 
A review was then conducted into the fundamentals of a process which is active when higher power 
or shorter pulsed lasers are employed; ablation. A fundamental view of laser-material interaction 
was conducted first, explaining the differences between using various pulse durations, from 
nanosecond down to femtosecond pulses.  An explanation of the many different factors that 
influence laser ablation efficiency was then covered. Finally, laser induced plasma-assisted ablation 
(LIPAA) was introduced in order to demonstrate how materials can be ablated even when their 
transmittance to particular wavelengths of light is very high. 
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3 Experimental Methods 
3.1 Introduction  
The laser equipment used to perform the surface processing of the materials to be studied and the 
subsequent analysis techniques used in all experiments is detailed here. Analysis techniques that 
were specific to their respective parts of the study (such as lap shear testing and electrical continuity 
tests) are detailed in their relevant chapters. 
3.2 Research methodology 
Two areas of research were conducted. The first was surface modification of PEEK and PP, and the 
second was laser ablation of polymer & metallic materials. 
For the first area of research, a solid-state nanosecond pulsed laser with an infra red wavelength was 
used to irradiate the surface of PEEK and PP materials, in order to affect their surface properties. The 
distance of the samples from the laser output was varied to provide a range of laser power 
intensities. The effects on the sample surfaces were then characterised by various surface analytical 
techniques (introduced later in this chapter) and the effect of the laser irradiation on the adhesive 
joint strength determined by lap shear testing. 
For the second area of research, a picosecond pulsed diode-pumped fibre laser with the option for 
infra red or green wavelength was used to irradiate the coating layers on two types of functional 
fibre. The aim was to remove the coating layers to expose the central conductor in the centre, and 
maintain the electrical continuity of the fibre. the parameters varied were laser wavelength, pulse 
repetition rate, laser scanning speed, positioning angle of the sample (referred to as sample angle) 
and number of passes. The samples were studied using focus variation microscopy, scanning 
electron microscopy, X-ray photoelectron spectroscopy, in order to assess the degree of coating 
removal and the morphology of the material remaining on the fibre within the treatment areas. The 
fibres were also tested using a voltmeter in contact with the central conductor at the ends of the 
fibres and the exposed conductor in the treatment area (when exposure was achieved) to assess the 
electrical continuity.  
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3.3 Laser equipment 
In this section, the laser equipment used during the experiments is detailed. 
3.3.1 Spectron SL800 
A Spectron SL800 was used to perform the lower laser power intensity experiments, in order to 
study the effect of surface treatment of PP and PEEK. 
The SL800 is a flash lamp pumped Q-switched nanosecond pulsed laser with a wavelength of 1064 
nm, pulse energy up to 600 mJ, and a repetition rate of up to 100 kHz. The output beam was 
directed out into an f theta lens which focused the beam to a minimum beam spot size of 0.5 mm. 
The pulse energy was calibrated using an Ophir 10A-P-SH energy meter, and the spot size using 
photosensitive paper. 
The position of the sample plaque (12.5 mm x 25 mm) under the laser was controlled using a 
computer numerical controlled (CNC) two-axis table. The table was set to move horizontally 
backwards and forwards underneath the laser aperture, in both the x and y direction to provide 
parallel tracks, or rows, of treatment. Movement was achieved between laser pulses so that the 
laser treated region received a definitive number of shots, each well separated from the others.  This 
was done to avoid a variable dose that would result from continuous rastering of the table, with 
movement occurring during both the on and off parts of the laser duty cycle. A photograph of the 
Spectron SL800 setup is shown in Figure 3-1. 
 
Figure 3-1 Spectron SL800 laboratory setup. 
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Table 3-1 - Spectron SL800 technical specifications 
λ(nm) 
PRR 
(Hz) 
Average 
Output 
Power (W) 
Pulse 
Duration 
(s) 
Pulse 
energy 
(J) 
Peak Power 
(W) 
spot 
diameter 
(μm) 
Power 
intensity 
(W mm-2) 
Laser 
fluence 
(J cm-2) 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 600.00 2.78 x 107 27.78 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 900.00 1.23 x 107 12.35 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 1000.00 9.99 x 106 10.00 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 1100.00 8.26 x 106 8.26 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 1600.00 3.91 x 106 3.91 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 2000.00 2.50 x 106 2.50 
1064 10 0.785 1 x 108 0.0785 7.85 x 106 2500.00 1.60 x 106 1.60 
 
 
Figure 3-2 - Relationship between beam spot diameter and power intensity for the Spectron 
SL800. 
3.3.2 Fianium HYLASE-25-SHG 
A Fianium HYLASE-25-SHG was sourced and set up specifically for the higher power intensity 
experiments, investigating laser ablation of polymer materials. The details of procurement and setup 
are detailed in Chapter 5. 
The Fianium HYLASE-25-SHG is a twin diode-pumped ytterbium-doped fibre laser with the option of 
infra-red or green light. It is passively mode locked. The green laser is produced by passing the initial 
infra-red laser through a second harmonic generator. The emitted laser is a collimated beam with an 
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M2 factor of 1 < M2 < 1.3 and has a pulse duration of 8 ps, an average power of up to 25 W and a 
pulse energy of up to 140 μJ The system was controlled by a Ethernet connection to an application 
on a PC. The pulse repetition rate can be changed to 0.1 MHz, 0.2 MHz, 0.5 MHz or 1 MHz. The pulse 
energy, average power and fluence vary with the set repetition rate and are given in Table 3-2. The 
values of wavelength, repetition rate and average power were provided by the laser supplier 
(Fianium Ltd, UK) and the remaining data was calculated from the provided values. The HYLASE-25-
SHG outputs two wavelengths of laser; 532 nm (green) and 1064 nm (infra-red). The laser was 
emitted into free space, expanded via a fixed power beam expander, to a beam diameter of 4.4 mm 
in the case of the infra-red laser and 7.7 mm in the case of the green laser, and then steered into a 
Raylase Superscan-II galvo scanner via a set of optical mirrors. The galvo scanner was then controlled 
via Raylase WeldMARK 2.0 software, and the on/off signals were synchronised with the shutter of 
the HYLASE-25-SHG to allow complete control of the laser on and off time using the Raylase 
WeldMARK 2.0 software. The laser beam was focused using an f-theta lens onto the sample stage, 
which was aligned vertically and adjusted manually in the x direction, with the scanning head 
providing y and z manipulation over an area of 100 mm x 100 mm at focus. The focus position of the 
laser was set using the working distance provided by the f-theta lens manufacturer (VONJAN 
Technology GmbH), and was confirmed by firing several spots at photosensitive paper, starting at 
the specified working distance and then testing either side at 0.5 mm increments.  
 
Figure 3-3 – Fianium HYLASE-25-SHG with optical setup. 
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Table 3-2 - Technical specifications of HYLASE-25-SHG at 0.1 MHz, 0.2 MHz, 0.5 MHz and 1.0 MHz 
for 1064 nm and 532 nm wavelengths respectively 
λ(nm) 
Repetition 
Rate (MHz) 
Pulse 
duration 
(ps) 
Average 
Power 
(W) 
Pulse 
energy 
(μJ) 
Peak 
Power 
(W) 
spot 
size 
(μm) 
Power 
intensity (W 
mm-2) 
Laser fluence 
(J cm-2) 
1064 0.1 8.8 13.7 137 1.56 x107 57.51 6.00 x 109 5.28 
1064 0.2 8.8 19.7 98.5 1.12 x107 57.51 4.31 x 109 3.79 
1064 0.5 8.8 22.1 44.2 5.02 x106 57.51 1.93 x 109 1.70 
1064 1 8.8 24.4 24.4 2.77 x106 57.51 1.07 x 109 0.94 
532 0.1 7.9 7.8 78 9.87 x106 17.97 3.89 x 1010 30.77 
532 0.2 7.9 12.1 60.5 7.66 x106 17.97 3.02 x 1010 23.87 
532 0.5 7.9 11.8 23.6 2.99 x106 17.97 1.18 x 1010 9.31 
532 1 7.9 11.1 11.1 1.41 x106 17.97 5.54 x 109 4.38 
 
 
Figure 3-4 - Relationship between pulse repetition rate and power intensity for the HYLASE-25-
SHG at both laser wavelengths 
3.4 Analysis techniques 
In this section, analysis techniques that were used during the current work are detailed. 
3.4.1 Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) was carried out using an Olympus LEXT OLS4000 
microscope to examine the topographical changes brought about by the laser treatment. In each 
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case, first an image was taken of the whole sample, and then the magnification was increased and a 
single treatment spot was imaged. 
CLSM was used to examine the topographical changes brought about by the laser surface 
modification experiments on the PP and PEEK material. 
3.4.2 Focus variation microscopy 
Focus variation microscopy (FVM) was carried out in Chapter 5 and 6, using an Alicona InfiniteFocus. 
The reason for using FVM rather than standard optical microscopy was the increase in focal depth. 
With FVM, multiple images are taken at incremental focus positions through the sample, and are 
collated into a single image using the in-built software package. This was required because of the 
curvature of the fibre samples studied in Chapter 5 and Chapter 6, to ensure that the images 
obtained were in focus for the whole surface of the fibre studied. 
3.4.3 Contact angle analysis 
Contact angle analysis was used during the surface modification experiments in Chapter 4. It was 
used to determine the wettability of the surfaces of the PEEK and PP samples before laser treatment 
and after treatment, and from the contact angle data, surface energy calculations were performed, 
which included the polar contribution, disperse contribution and total surface energy values. 
The technique was performed using a Krüss DSA100, using the sessile drop method. Deionised water 
and diiodomethane were used as the test liquids, and the drop volume was 5 µl. after laser 
treatment, the samples were stored in aluminium foil and then unwrapped directly prior to placing 
in the sampling area of the contact angle analyser. Droplets were placed over the treated areas, 
covering multiple treatment spots in an attempt to minimise contact angle hysteresis. Surface 
energy calculations were performed using the Fowkes method, within the Krüss software.  
3.4.4 Fourier transform infrared spectroscopy (FT-IR) 
FT-IR was carried out using an Agilent Exoscan 4100 in the specular reflectance mode. PEEK and PP 
samples were placed onto the aperture of the scanner, with the scanner positioned in its vertical 
mounted setup in the charging station, as depicted in Figure 3-5. Spectra were acquired in the range 
1 – 3250 cm-1.  
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Figure 3-5 - Agilent Exoscan 4100 showing interchangeable aperture heads to switch between 
specular reflectance mode and attenuated total reflection (ATR) mode. The hand-held system is 
also shown mounted in the charging station. (after Rein and Seelenbinder, 2013) 
FT-IR was used during the surface modification experiments in Chapter 4, because of its ease of use 
and its ability to provide information about the chemical nature of the top few μm of the laser 
treated surfaces. 
3.4.5 X-Ray photoelectron spectroscopy 
XPS analysis was used throughout this work to analyse the surface chemistry of the surfaces and 
samples that had been laser treated. Its main advantage over FT-IR is its shallower sampling depth of 
up to 10 nm, allowing a more detailed analysis of the very top of the sample surface to be analysed. 
XPS also gave a greater amount of chemical information that could be used to determine the 
chemical state of some of the elements detected on the surface of the laser treated materials. 
XPS analysis was carried out using a Thermo Scientific Theta Probe with a monochromated AlKα 
source and a spot radius of 400µm. PEEK and PP samples were cut using a scalpel and mounted to 
the sample stage using metallic clips. The Powerweave fibre samples were adhered to the sample 
stage using electrically conductive tape. The spot was positioned in the centre of the treated regions 
to ensure that the area analysed had been wholly laser treated. A pass energy of 100 eV was used to 
obtain survey spectra, a pass energy of 20 eV was used to obtain high resolution spectra, and an 
electron/ion flood gun was used for charge compensation.  Peak fitting was performed using Thermo 
Scientific Avantage V.5.9 software. 
3.4.6 Time-of-flight secondary ion mass spectrometry 
ToF-SIMS was used for the surface modification experiments, to obtain a greater amount of 
molecular information within the top 1-2 nm of the laser treated PEEK surfaces. It was also used to 
identify the chemical nature of the silicon that was detected on the laser treated PEEK samples by 
XPS, described later in Chapter 4. 
A TOF.SIMS 5 system (ION-TOF GmbH Münster Germany) was used to investigate the top few 
nanometres of the treated surface and to provide molecular information about the elements already 
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recorded using XPS. Static SIMS conditions of  <1 x 1013 ions cm−2 were employed using a Bi3
+ primary 
ion beam in the high current bunched mode of operation. This was rastered over a 100 x 100 μm2 
area. Positive and negative spectra were acquired in the range 1-330 mass units (u). 
Care was taken to ensure that the analytical data was taken from within the treated zone. 
3.4.7 Scanning electron microscopy 
SEM was carried out on the laser stripped Powerweave fibres, to obtain information on the 
morphology of the edges of the treated zones, and also to assess the condition of the copper core. 
This is explained later in Chapters 5 and 6. 
SEM was carried out using a LEO 1550 FEG-SEM, run at an accelerating voltage of 20kV in both 
backscatter electron analysis and secondary electron analysis mode. 
3.5 Materials 
The materials used in the surface treatment studies were Victrex PEEK 450G, and black 
polypropylene provided by The Plastics People (The Barkston Group Ltd). The datasheets for these 
materials can be found in Appendix II of this document. 
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4 Laser processing for surface modification of materials 
The investigation into laser surface treatment of polymer materials is presented in this chapter. First, 
poly(etheretherketone) was investigated, followed by a smaller study on poly(propylene). The 
results are displayed separately for each material and are discussed together afterwards. 
4.1 Laser Treatment 
A nanosecond pulsed q-switched Nd:YAG laser was used in the laser treatment experiments. The 
output wavelength was 1064 nm. The pulse length was 10 ns, and frequency was 10 Hz. The pulse 
energy was calibrated using an Ophir energy meter, and the spot size using photosensitive paper. 
The samples were manipulated under the laser using a computer numerical controlled (CNC) two-
axis table. The process speed was fixed at 12 mm s-1 and tracks were separated by 1 mm providing 
roughly one pulse per square mm over the surfaces. When a defocused spot was used this provided 
complete coverage of the surface. When a focused spot was used this provided an array of discrete 
spot treatments. The experimental arrangement is shown schematically in Figure 4-1. 
Laser intensity parameters were selected which provide a range of effects, from melting and 
ablation to only surface modification, with no visible changes to surface modification. 
Laser intensity was calculated by measuring the distance from the aperture to the surface of the 
sample, and by measuring the spot diameter of the laser at specific sample distances using 
photosensitive paper. The pulse energy of the laser was also measured using an Ophir energy meter, 
where the laser beam was defocused onto an energy meter and the pulse energy was measured 
over a period of 20 seconds. 
Equation 2 was used to convert spot size into power intensity: 
     𝐉 =  
𝐄𝐭
𝐚
     Equation 2 
Where  J = Power intensity, E = Pulse energy, t = Pulse duration and  a = Spot area. 
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Figure 4-1 - Schematic of laser treatment setup 
Surface treatment was carried out using a range of spot sizes to alter the applied power intensity of 
the beam at the surface, as shown in Table 4-1-Table 4-4. The PEEK and PP were treated in air or 
submerged in a bath of liquid ammonia. Ammonia was used as an alternative to standard ambient 
atmosphere, to gain an understanding of how this may affect hydrophilicity. An initial theory was 
made that oxygen in the ambient atmosphere would be beneficial for the surface modification 
mechanisms, and the liquid ammonia bath would provide shielding from the oxygen, allowing data 
to be collected on the laser surface treatment process in the absence of oxygen. 
All samples were treated with a pulse energy of 78.5 mJ, a pulse frequency of 10 Hz and a sample 
raster speed of 12 mm sec-1. 
The experiments were performed in two phases. Initially, a preliminary phase was conducted using a 
wide range of laser power intensities, limited by the capabilities of the laser system. From this 
preliminary phase, two power intensities were identified in between which the main changes to the 
samples occurred. A second narrower range (main phase) of power intensities were then used to 
obtain a denser cluster of data in between the two power intensities identified in the preliminary 
phase. 
For the preliminary phase, the critical aim was to establish trends in the data. Because of this, only 
one sample was used per laser intensity. Once trends had been identified, more samples per 
intensity were used to achieve a greater confidence in the obtained data. 
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Table 4-1  - PEEK treatment procedures – preliminary phase 
Sample Spot diam. Power intensity Ammonia 
 mm W mm-2  
PEEK1 4.8 4.4 x 105 No 
PEEK2 3.5 7.9 x 105 No 
PEEK3 2.1 2.4 x 106 No 
PEEK4 0.5 4.0 x 107 No 
PEEK5 2.1 2.4 x 106 Yes 
PEEK6 0.5 4.0 x 107 Yes 
 
 
Table 4-2 - PP treatment procedures – preliminary phase 
Sample Spot diam. Power intensity Ammonia 
 mm W mm-2  
PP1 4.1 4.4 x 105 No 
PP2 2.8 7.9 x 105 No 
PP3 1.6 2.4 x 106 No 
PP4 0.5 4.0 x 107 No 
PP5 1.6 2.4 x 106 Yes 
PP6 0.5 4.0 x 107 Yes 
 
Table 4-3 - PEEK treatment procedures for FT-IR (f) & surface energy (s) – main phase 
Sample Spot diam. Power intensity 
 mm W mm-2 
PEEKAf &PEEKAs 2.5 1.65 x 106 
PEEKBf & PEEKBs 2.0 2.58 x 106 
PEEKCf & PEEKCs 1.6 4.11 x 106 
PEEKDf & PEEKDs 1.1 7.83 x 106 
PEEKEf & PEEKEs 1.0 9.99 x 106 
PEEKFf & PEEKFs 0.9 1.23 x 107 
PEEKGf & PEEKGs 0.6 2.78 x 107 
 
Table 4-4 - PP treatment procedures for FT-IR (f) & surface energy (s) – main phase 
Sample Spot diam. Power intensity 
 mm W mm-2 
PPAf & PPAs 2.5 1.65 x 106 
PPBf & PPBs 2.0 2.58 x 106 
PPCf & PPCs 1.6 4.11 x 106 
PPDf & PPDs 1.1 7.83 x 106 
PPEf & PPEs 1.0 9.99 x 106 
PPFf & PPFs 0.9 1.23 x 107 
PPGf & PPGs 0.6 2.78 x 107 
 
The Influence of Laser Parameters on the Surface Processing of Materials 
44 
 
4.2 Analysis techniques for surface treatment of PEEK and PP 
Analysis techniques have been introduced and discussed in Chapter 3; however, one additional test 
was performed during the laser surface treatment of PEEK and PP studies. Single lap shear testing is 
discussed in this chapter, this was undertaken to assess the efficiency of the laser treatments 
considered as a pre-treatment for adhesive bonding. The morphology and modification of surface 
chemistry were examined by CLSM, contact angle, FT-IR, XPS and ToF-SIMS. 
4.2.1 Single lap shear testing 
Lap shear tests were performed on PEEK-to-PEEK, and PP-to-PP bonded joints. These were 
fabricated using coupons of 50 mm x 25 mm x 3.92 mm dimensions adhesively bonded using Henkel 
Loctite 4061 in the case of PEEK, due to its common use in medical applications, and 50 mm x 25 mm 
x 2.86 mm bonded using Araldite 2026 in the case of PP, due to its polyurethane base, making it 
similar in composition to the infill material used in pipeline field joints. The samples had an overlap 
area of 12.5 mm x 25 mm and a bond line thickness of 0.1 mm controlled with glass ballotini. 
Specimens were tested in shear using a Hounsfield Universal Testing Machine at a crosshead speed 
of 1.3 mm min-1, as per ASTM D-1002. Three samples per treatment level were tested. The test 
coupons were fabricated shortly after the laser treatment and were tested the following day after 
storage in aluminium foil.   
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4.3 Laser surface treatment of PEEK 
4.3.1 CLSM of PEEK 
Confocal laser scanning microscopy images were taken of PEEK specimens treated at 2 different 
laser power intensities. First, an overall view of the surface was recorded, followed by images of 
single spot features which were created by the laser treatment. 
 
Figure 4-2 - CLSM image taken of surface of PEEK sample at 7.83 x106 W mm-2 laser power 
intensity, showing multiple laser treated spots. 
 
Figure 4-3 - CLSM 3D colour coded image of one laser treated spot on PEEK surface at 7.83 x106 W 
mm-2 laser power intensity. The scale is in μm. 
The images in Figure 4-2 and Figure 4-3 indicate that there is some gross physical modification 
occurring on the surface in the regions where the laser pulse is incident. This is creating additional 
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topographical features not dissimilar to mechanical roughening. The craters are non-uniform in 
nature. This would suggest that the laser is not interacting evenly with the surface, most likely 
caused by a variation in the output of the laser across the beam footprint. 
 
Figure 4-4 - CLSM image taken of surface of PEEK sample at 2.78 x107 W mm-2 laser power 
intensity, showing multiple laser treated spots. 
 
Figure 4-5 - CLSM 3D colour coded image of one laser treated spot on PEEK surface at 2.78 x107 W 
mm-2 laser power intensity. The scale is in μm. 
Figure 4-4 shows an overall image of the surface of the PEEK specimen treated at 2.78 x107 W mm-2. 
From this first observation the laser treatments are shown as discrete spots on the surface, perhaps 
with different depths. The spots, as shown in Figure 4-5, are deeper than those developed with the 
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lower power intensity of 7.83 x106 W mm-2, and also show more uniformity than the lower power 
intensity. This is expected as the higher power intensity will naturally disrupt more material as there 
is more energy incident on the sample which is then converted to heating, leading to material 
volatilisation or material movement. 
There appears to be a similar amount of material above the surface as there is material missing 
below the surface, suggesting that the material is not completely lost during the treatment process, 
and is instead deformed and mixed. This supports the formation of a molten spot under the laser as 
opposed to a site where ablation occurs. 
4.3.2 PEEK surface energy 
The contact angles (θwater and θdm), a day after laser treatment, for static droplets of water and 
diiodomethane are shown in Table 4-5.From these measurements the calculated values of disperse 
polar and total surface energy are also shown for laser treated samples and a control. The water 
droplet images are shown in Table 4-6. The repeated measurements taken five weeks after 
treatment are provided in Table 4-7 and Table 4-8. The results are shown in graphical form in Figure 
4-6. 
The contact angles (CA) a day after treatment for the main phase of testing are shown in Table 4-9. 
Disperse (γD), polar (γP) and total surface energy (γT) are also shown, and the mean contact angle 
for each parameter is also displayed. The water droplet images for each parameter are shown in 
Table 4-9.   
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Table 4-5 - Preliminary phase - PEEK surface energy a day after treatment. 
Sample Power intensity Contact angle Surface energy (SE) 
  Wmm-2 θwater θdm γ
D γP γT 
   ° ° (mJ m-2) (mJ m-2) (mJ m-2) 
Control 
solvent 
cleaned 
0 85 32 43.4 1.4 44.9 
PEEK1 air 4.4 x 105 88 42 38.4 1.4 39.8 
PEEK2 air 7.9 x 105 86 32 43.5 1.3 44.9 
PEEK3 air 2.4 x 106 87 43 38.0 1.8 39.8 
PEEK4 air 4.0 x 107 20 33 42.7 31.5 74.2 
PEEK5 NH3 2.4 x 10
6 81 31 43.8 2.4 46.2 
PEEK6 NH3 4.0 x 10
7 82 30 44.1 2.2 46.3 
 
Table 4-6 - Preliminary phase - PEEK contact angle for deionised water at specific laser intensities.  
    
Control PEEK1 PEEK2 PEEK3 
Intensity (W mm-2) 4.4 x 105 7.9 x 105 2.4 x 106 
Environment Air Air Air 
   
 
PEEK4 PEEK5 PEEK6  
4.0 x 107 2.4 x 106 4.0 x 107  
Air NH3 NH3  
 
The water contact angle images support the surface energy data. At 4.0x107 W mm-2 (PEEK4) the 
water contact angle greatly decreases, which correlates to a higher degree of wettability. 
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Table 4-7 - Preliminary phase - PEEK surface energy five weeks after treatment. 
Sample Power intensity Contact angle Surface energy 
  W mm-2 θwater θdm γ
D γP γT 
   ° ° (mJ m-2) (mJ m-2) (mJ m-2) 
Control 
solvent 
cleaned 
0 92 35 42.3 0.5 42.8 
PEEK1 air 4.4 x 105 85 34 42.3 1.7 44.0 
PEEK2 air 7.9 x 106 92 36 41.6 0.5 42.1 
PEEK3 air 2.4 x 106 88 40 39.6 1.4 40.9 
PEEK4 air 4.0 x 107 38 44 37.5 26.0 63.5 
PEEK5 NH3 2.4 x 10
6 89 35 42.1 0.8 43.0 
PEEK6 NH3 4.0 x 10
7 71 29 44.7 5.7 50.3 
 
Table 4-8 – Preliminary phase - PEEK Contact angle for deionised water for specific laser intensities 
five weeks after treatment. 
    
Control PEEK1 PEEK2 PEEK3 
Intensity (W mm-2) 4.4 x 105 7.9 x 106 2.4 x 106 
Environment Air Air Air 
   
 
PEEK4 PEEK5 PEEK 6  
4.0 x 107 2.4 x 106 4.0 x 107  
Air NH3 NH3  
 
After five weeks, the trend is very similar to the 1 day-old treatments in that there is an increase in 
polar energy at 4.0 x 107 W mm-2. The surface energy is around 15% lower than the day old 
treatment which suggests there has been a slight loss in the effects of the treatment over time. This 
could be due to functional groups reacting with species in the storage atmosphere, removing some 
of the functionality of the surface, or more likely, hydrophobic recovery. 
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Figure 4-6 - Preliminary phase - total surface energy for laser treated PEEK. 
The graphical data illustrates the change in total surface energy. As there was only one sample per 
intensity treated for the preliminary phase, the data obtained cannot be used for anything more 
than searching for trends and significant changes. A large change was observed and a second main 
phase was initiated to obtain some further data with a narrower processing window. This is shown in 
Table 4-10, Table 4-9 and Figure 4-7. 
Power Intensity (W mm
-2
) 
           1 Day       5 Weeks 
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Table 4-9 - Main phase – PEEK contact angle for deionised water for specific laser intensities. 
    
Control PEEKAs2 PEEKBs2 PEEKCs2 
Intensity (W/mm2) 1.65 x 10⁶ 2.58 x 10⁶ 4.11 x 10⁶ 
    
PEEKDs2 PEEKEs2 PEEKFs2 PEEKGs2 
7.83 x 10⁶ 9.99 x 10⁶ 1.23 x 10⁷ 2.78 x 10⁷ 
Table 4-10 - Main phase - PEEK surface energy a day after treatment (all in air). 
Sample 
Power intensity  
Contact angle Surface energy 
Mean 
θwater 
Mean 
θdm 
γD γP γT Mean γT 
W mm-2 ° ° mJ m-2 mJ m-2 mJ m-2 mJ m-2 
Control N/A 85 32 43.4 1.4 44.9 44.9 
PEEKAs1 
1.65 x 10⁶ 84 40 
37.5 1.5 39.0 
42.0 PEEKAs2 41.4 3.3 44.7 
PEEKAs3 40.2 2.0 42.2 
PEEKBs1 
2.58 x 10⁶ 79 46 
38.0 4.8 42.8 
40.9 PEEKBs2 35.1 3.7 38.8 
PEEKBs3 35.5 5.7 41.1 
PEEKCs1 
4.11 x 10⁶ 90 40 
41.1 0.4 41.5 
40.8 PEEKCs2 36.8 2.1 38.9 
PEEKCs3 41.4 0.7 42.1 
PEEKDs1 
7.83 x 10⁶ 86 44 
41.6 3.3 44.9 
39.9 PEEKDs2 35.0 1.9 36.9 
PEEKDs3 36.3 1.6 37.9 
PEEKEs1 
9.99 x 10⁶ 35 33 
43.4 23.2 66.6 
67.9 PEEKEs2 42.7 22.3 65.0 
PEEKEs3 42.5 29.5 72.0 
PEEKFs1 
1.23 x 10⁷ 25 32 
39.3 28.9 68.2 
72.5 PEEKFs2 45.5 28.2 73.7 
PEEKFs3 45.0 30.7 75.7 
PEEKGs1 
2.78 x 10⁷ 72 28 
43.3 6.3 49.6 
50.5 PEEKGs2 45.9 3.2 49.1 
PEEKGs3 45.9 7.0 52.9 
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The images in Table 4-9 illustrate the sharp decrease in water contact angle in sample PEEKEs2 and 
PEEKFs2. 
The surface energy measurements in Table 4-10 show a sharp increase in total surface energy at 
9.99 x 106 W mm-2. This is caused by an increase in the polar contribution to surface free energy, and 
is characterised by a sharp decrease in water contact angle. The reason the water contact angle 
decreases considerably compared to the diiodomethane is that water is a polar substance, and 
diiodomethane is not. Any increase in polar energy of the surface will be shown by a decrease in 
water contact angles, and a relative retention of diiodomethane contact angles. Hence, in this case, 
the polar energy has increased and the water contact angle decreases. This is characteristic of the 
creation of functional groups on the surface as a result of the energetic treatment. 
The surface energy measurements indicated that it was possible to increase the surface energy 
significantly and improve the wettability for water based liquids especially. Figure 4-7 shows the 
data in graphical form.  
 
 
Figure 4-7 - Combined surface energy for the preliminary phase and main phase testing of PEEK. 
The main phase results are displayed with standard error. 
1 Day
 
 
 
 
 
 
 
  
Power Intensity (W mm
-2
) 
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4.3.3 Single lap shear testing of PEEK 
The results of tensile shear tests on PEEK a few days after laser treatment are shown in Table 4-11, 
and are summarised in Figure 4-8. The tensile-shear strength increased significantly following laser 
surface treatment in air.  
Table 4-11 - Tensile shear tests on samples with 25x12.5mm overlap made approximately three 
days after laser treatment. 
Sample Intensity (W mm-2) Max load (N) Mean max load (N) Standard error Failure mode 
Control Control 
150.0 
136.3 5.6 
B 
129.0 B 
130.0 B 
PEEKALS 1.65 x 10⁶ 
458.5 
262.8 85.6 
B 
229.9 B 
100.0 B 
PEEKBLS 2.58 x 10⁶ 
543.2 
484.4 28.0 
B 
424.3 B 
485.7 B 
PEEKCLS 4.11 x 10⁶ 
459.8 
663.6 
108.9 
 
B 
914.5 B 
616.5 B 
PEEKDLS 7.83 x 10⁶ 
857.7 
811.5 64.5 
B+C 
657.5 B+C 
919.4 B+C 
PEEKELS 9.99 x 10⁶ 
1710.0 
1888.0 72.7 
A+B+C 
1982.0 A 
1972.0 A 
PEEKFLS 1.23 x 10⁷ 
1374.0 
1425.3 34.3 
A 
1508.0 A 
1394.0 A 
PEEKGLS 2.78 x 10⁷ 
1048.0 
1310.0 107.5 
B+C 
1463.0 A 
1419.0 B+C 
Note: The failure mechanisms are: A - In parent away from joint, B - Interface failure between 
adhesive and parent and C - Material failure in adhesive 
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Figure 4-8 Tensile shear tests on PEEK with 25x12.5mm overlap showing standard error of results. 
The mechanical testing data confirms that the surface treatment by laser positively affects the 
adhesion of bonded joints comprised of PEEK material. There is the same sharp increase in 
properties at 9.99x106 W mm-2, which matches the intensity at which the polar energy increases and 
the water contact angle decreases. A decrease after this intensity suggests that overtreatment has 
occurred and functional groups are no longer being created, and are perhaps being damaged by the 
excessive intensity of the laser. Alternatively a weak boundary layer may have been created which 
was removed with the adhesive during the testing. 
4.3.4 Fourier transform infrared spectroscopy of PEEK 
The FT-IR analysis was performed in specular reflectance mode. The control and the most intense 
treatment are shown for comparison in Figure 4-9. The assignments of the peaks are given in Table 
4-12 (assignments obtained from the NIST IR database) and the wavenumber values are shown on 
the control spectrum. The spectra do not show any obvious variation in the polymer structure at the 
surface as a result of the laser treatment. 
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Figure 4-9 - Selected FT-IR spectra of control sample (top) and laser intensity 2.78 x 107 W mm-2 
(bottom) for PEEK. Relative absorption is recorded against wavenumbers. 
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Table 4-12 - Assignments of FT-IR peaks of PEEK material. 
PEEK 
 
Wavenumber (cm-1) Assignment 
1648 C=O stretch in ketone 
1601 Skeletal in-plane vibration of aromatic ring 
1492 Skeletal semi-circle stretch of aromatic ring 
1412 Aromatic rotations 
1311 Aromatic rotations 
1286 Aromatic rotations 
1227 Diphenyl ether group, C-O-C rotation 
1190 Diphenyl ether group, C-O-C stretch 
1163 Diphenyl ether group, C-O-C stretch 
1115 C-O stretch 
1012 In-plane vibrations of aromatic hydrogens 
948 Aromatic out-of-plane bending 
 
The FT-IR measurements did not show any variation to the polymer bond characteristics at the 
treated surface of the PEEK. Surface modification may occur to a depth which is small compared 
with the depth (several μm) sampled by FT-IR. XPS was performed next to obtain data using a 
reduced sampling depth of 5-10 nm. 
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4.3.5 X-Ray photoelectron spectroscopy of PEEK 
The results of the XPS conducted on the PEEK specimens are shown in Table 4-13. Intensities were 
chosen either side of 9.99 x 10⁶ W mm¯² to increase the likelihood of recording changes on the 
surfaces. Confirmation of binding energy assignments was obtained via the NIST X-ray Photoelectron 
Spectroscopy Database, Version 4.1. 
Table 4-13 - Relative percentages of elements on PEEK surface after selected laser treatment 
intensities, obtained using XPS. 
 
C1s O1s N1s Na1s S2p Si2p Cl2p 
C/O 
ratio 
Control 78.26 16.05 2.05 1.39 1.04 0.88 0.34 4.9 
7.83 x 10⁶ W mm¯² 74.89 21.1 1.22 0.55 
 
2.03 0.21 3.6 
2.78 x 10⁷ W mm¯² 72.52 21.6 2.36 2.17 0.04 1.03 0.28 3.4 
The relative concentration of carbon decreased and the relative amount of oxygen increased with 
increased laser intensity. This would indicate that the oxygen in the air was bonding with the surface 
of the specimen, forming functional groups which increased the surface energy. There were also 
small traces of N, Na, S, Si and Cl on the surface. High resolution C 1s XPS analysis was required to 
determine the identities of the functional groups, which were likely to be –COO- as achieved in 
oxygen plasma in air by Comyn et al. (1996). In any case, oxygen is certainly increasing on the 
surfaces with increasing laser intensity. The proportions of Na increase with increasing laser 
intensity. It is suggested that this is a processing aid used in manufacture which is migrating to the 
surface during treatment. The proportion of N also increases which would indicate bonding of 
nitrogen in air to the specimen surface.  
The survey spectra for untreated virgin PEEK material and laser treated PEEK material are displayed 
in Figure 4-10 and Figure 4-11. The significant peaks are labelled. The spectra indicate that after laser 
treatment, there is an increase in relative oxygen concentration, and a reduction in extraneous 
materials such as zinc, calcium and chlorine. 
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Figure 4-10 - XPS survey spectrum of untreated virgin PEEK material. 
 
Figure 4-11 – XPS survey spectrum of laser treated PEEK material at a power intensity of 2.78x107 
W mm-2. 
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The high resolution C 1s spectra of untreated PEEK and PEEK treated at 7.83 x106 W mm-2 are shown 
in Figure 4-12 and Figure 4-13. The spectra show an increase in the O-C=O and C=O species after 
laser treatment. 
 
Figure 4-12 - High resolution C1s XPS spectrum of untreated PEEK.  
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Figure 4-13 - High resolution C1s XPS spectrum of PEEK treated at 7.83 x106 W mm-2. 
 
4.3.6 ToF-SIMS analysis of PEEK  
ToF-SIMS analysis was performed on untreated PEEK and on PEEK treated at 9.99 x 106 W mm-2. It 
was used to further characterise the modifications on the surface, and to identify the nature of the 
silicon detected by XPS on both the treated and untreated PEEK specimens. The positive spectra of 
untreated and treated PEEK are shown in Figure 4-14 and Figure 4-15, and the negative spectra of 
untreated and treated PEEK are shown in Figure 4-16 and Figure 4-17. 
The positive ToF-SIMS spectra identify several oxygen-containing species, along with a detection of 
silicon-containing molecules after laser treatment, at 147, 207, 221 and 281 mass units. This is 
consistent with PDMS (polydimethylsiloxane) 
The negative ToF-SIMS spectra indicate a reduction in heavier species (above 240 mass units) after 
laser treatment. 
An analysis of the bulk material was undertaken to determine whether the PDMS detected after 
laser treatment was present within the bulk of an untreated specimen. Detection of PDMS would 
suggest that laser treatment forces PDMS to move to the surface of the PEEK and become 
detectable at the treated surface. 
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Figure 4-18 shows high resolution positive ToF-SIMS spectra taken from the bulk of a PEEK sample, 
indicating that the PDMS was present within the bulk of the material. 
 
Figure 4-14 - Positive ToF-SIMS spectrum of untreated PEEK specimen. 
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Figure 4-15- Positive ToF-SIMS spectrum of PEEK treated at 9.99 x 106 W mm-2. 
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Figure 4-16 - Negative ToF-SIMS spectrum of untreated PEEK specimen. 
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Figure 4-17 - Negative ToF-SIMS spectrum of PEEK treated at 9.99 x 106 W mm-2. 
 
Figure 4-18 - ToF-SIMS spectra of PEEK specimen, taken from the bulk, between a) 146 and 148 
mass units, b) 220 and 223 mass units, c) 280 and 282 mass units. 
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4.4 Laser surface treatment of PP 
A smaller study was performed on PP, using the same laser power intensities, process parameters 
and analysis techniques. This is described below using a similar format to that adopted for the PEEK 
work. 
4.4.1 CLSM of PP 
Confocal laser scanning microscopy images were taken of PP specimens treated at 2 different laser 
power intensities. First, an overall view of the surface was recorded, followed by images of single 
spot features which were created by the laser treatment. 
 
 
Figure 4-19 - CLSM image taken of surface of PP sample at 7.83 x106 W mm-2 laser power intensity, 
showing multiple laser treated spots. 
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Figure 4-20 - CLSM image taken of single laser treatment spot on the surface of the PP sample at 
7.83 x106 W mm-2 laser power intensity. 
 
Figure 4-21 - CLSM 3D colour coded image of one laser treated spot on PP surface at 7.83 x106 W 
mm-2 laser power intensity. The scale is in μm. 
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Figure 4-22 - CLSM image taken of surface of PP sample at 2.78 x107 W mm-2 laser power intensity, 
showing multiple laser treated spots.  
 
Figure 4-23 - CLSM image of a single laser treated spot on PP surface at 2.78 x107 W mm-2 laser 
power intensity.  
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Figure 4-24 - CLSM 3D colour coded image of one laser treated spot on PP surface at 2.78 x107 W 
mm-2 laser power intensity. The scale is in μm. 
4.4.2 PP surface energy 
The contact angles recorded a day after laser treatment, for static droplets of water and 
diiodomethane are shown in Table 4-15. From these measurements the calculated values of 
disperse, polar and total surface energy are also shown for laser treated samples and a control. The 
water droplet images are shown in Table 4-14. The repeated measurements taken five weeks after 
treatment are provided in Table 4-16 and Table 4-17. The results are shown in graphical form in 
Figure 4-25.  The contact angle measurements (θwater and θdm) taken a day after treatment for the 
main phase of testing are shown in Table 4-18. Disperse, polar and total surface energy is also 
shown, and the mean contact angle for each parameter is also displayed. The water droplet images 
for each parameter are shown in Table 4-19. 
Table 4-14 - Preliminary phase – PP contact angle images for deionised water for specific laser 
intensities, 1 day after treatment 
    
Control 1 2 3 
Intensity (W mm
-2
) 5.9 x 105 1.9 x 10⁶ 3.0 x 10⁶ 
Environment Air Air Air 
   
 
4 5 6  
4.0 x 107 3.0 x 10⁶ 4.0 x 107  
Air NH3 NH3  
The Influence of Laser Parameters on the Surface Processing of Materials 
69 
 
Table 4-15 – Preliminary phase – PP surface energy, measured 1 day after treatment 
Sample 
Power intensity 
Contact angle Surface energy 
θwater θdm γ
D γP γT 
W mm-2 ° ° (mJ m-2) (mJ m-2) (mJ m-2) 
Control 
solvent 
cleaned 
0 93 53 32.7 1.1 33.8 
PP1 air 5.9 x 105 97 54 32.0 0.6 32.6 
PP2 air 1.9 x 10⁶ 106 60 28.7 0.0 28.8 
PP3 air 3.0 x 10⁶ 133 78 18.8 1.4 20.2 
PP4 air 4.0 x 107 68 48 35.2 10.0 45.2 
PP5 NH3 3.0 x 10⁶ 81 59 29.4 5.4 34.8 
PP6 NH3 4.0 x 10
7 99 61 28.0 0.7 28.7 
 
As shown previously with PEEK, the water contact angle decreases sharply and the polar surface 
energy increases significantly at 4.0 x 107 W mm-2. This is indicative of an introduction of polar 
functional groups onto the surface at this intensity. One sample per intensity was chosen for this 
phase of testing, and intensities between 3.0 x 10⁶ W mm-2 and 4.0 x 107 W mm-2 were chosen to 
further identify the point at which significant change occurs. This was to follow in the main phase. 
The water contact angle images in Table 4-14 illustrate the increase in polar surface energy by a 
decrease in contact angle. This suggests increased functionality and an improved wettability. 
 
Table 4-16 - Preliminary phase - PP surface energy five weeks after treatment. 
Sample 
Power intensity Contact angle Surface energy 
Wmm-2 θwater θdm γ
D γP γT 
 ° ° (mJ m-2) (mJ m-2) (mJ m-2) 
Control 
solvent 
cleaned 
0 98 56 31.0 0.6 31.6 
PP1 air 5.9 x 105 103 59 28.9 0.2 29.1 
PP2 air 1.9 x 10⁶ 120 74 20.6 0.1 20.7 
PP3 air 3.0 x 10⁶ 120 83 16.1 0.0 16.1 
PP4 air 4.0 x 107 62 51 33.8 13.4 47.3 
PP5 NH3 3.0 x 10⁶ 96 55 31.2 0.8 32.0 
PP6 NH3 4.0 x 10
7 102 62 27.2 0.4 27.6 
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The data for five weeks after treatment show the same increase in polar surface energy at 4.0 x 107 
W mm-2. However, unlike the PEEK material, the polar energy had actually increased after storage. 
This could be due to oxygen in the storage atmosphere interacting with sites that were perhaps not 
fully functionalised by the laser but were left available by the treatment. That said, the surface 
energy increases at the same laser intensity as with PEEK. 
 
Table 4-17 - Preliminary phase – PP contact angle for deionised water for specific laser intensities 
five weeks after treatment. 
    
Control 1 2 3 
Intensity (W/mm2) 5.9 x 10
5 1.9 x 10⁶ 3.0 x 10⁶ 
Environment Air Air Air 
   
 
4 5 6  
4.0 x 107 3.0 x 10⁶ 4.0 x 107  
Air NH3 NH3  
 
The contact angle images again show the decrease in water contact angle at 4.0 x107 W mm-2, similar 
to that observed during the PEEK work. 
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Figure 4-25 - Preliminary phase - total surface energy for laser treated PP. 
 
The graph in Figure 4-25 illustrates the sharp increase in surface energy at 4.00 x 107 W mm-2. This 
trend is similar to that recorded during the PEEK work. The graph also illustrates the change in 
surface energy after 5 weeks of storage in air. All intensities show a decrease after storage except for 
4.00 x 107 W mm-2.
Power Intensity (W mm
-2
) 
         1 Day     5 Weeks 
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Table 4-18 - Main phase - PP surface energy a day after treatment (all in air). 
Sample 
Power intensity Contact angle Surface energy 
W mm-2 Mean 
θwater 
Mean 
θdm 
γD γP γT Mean γ
T 
  
° ° mJ m-2 mJ m-2 mJ m-2 mJ m
-2 
Control N/A 94 55 31.3 1.2 32.5 32.5 
PPAs1 
1.65 x 10⁶ 98 58 
29.3 1.1 30.4 
30.6 PPAs2 29.6 0.3 29.9 
PPAs3 30.5 0.9 31.4 
PPBs1 
2.58 x 10⁶ 101 58 
30.4 0.2 30.6 
30.1 PPBs2 29.6 0.5 30.1 
PPBs3 29.3 0.2 29.5 
PPCs1 
4.11 x 10⁶ 102 59 
29.4 0.0 29.4 
29.5 PPCs2 29.0 0.3 29.3 
PPCs3 28.8 0.9 29.7 
PPDs1 
7.83 x 10⁶ 103 62 
27.2 0.0 27.2 
27.7 PPDs2 26.6 1.1 27.7 
PPDs3 28.0 0.3 28.3 
PPEs1 
9.99 x 10⁶ 77 48 
31.2 1.4 32.6 
41.2 PPEs2 40.9 9.5 50.4 
PPEs3 33.1 7.7 40.8 
PPFs1 
1.23 x 107 61 49 
34.8 13.1 47.9 
48.4 PPFs2 35.7 14.2 49.9 
PPFs3 33.9 13.4 47.3 
PPGs1 
2.78 x 107 49 44 
38.7 17.4 56.1 
57.5 PPGs2 36.8 22.6 59.4 
PPGs3 37.5 19.3 56.8 
Table 4-18 confirms the increase in polar surface energy at 9.99x106 W mm-2 as with the PEEK 
material. Water contact angle again decreases at this intensity. 
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Table 4-19 - Main phase - PP contact angle for deionised water for specific laser intensities. 
    
Control PPAs2 PPBs2 PPCs2 
Intensity (W mm-2) 1.65 x 10⁶ 2.58 x 10⁶ 4.11 x 10⁶ 
    
PPDs2 PPEs2 PPFs2 PPGs2 
7.83 x 10⁶ 9.99 x 10⁶ 1.23 x 107 2.78 x 107 
 
The water contact angles in Table 4-19 show an increase in wettability as the laser intensity 
increases, which corresponds to the increase in polar energy. 
 
Figure 4-26 - Combined surface energy for the initial work and the further testing of PP. 
Whilst not as pronounced as the increase in surface energy as the PEEK, there is still a sharp increase 
in surface energy at 9.99x106 W mm-2. The decrease in surface energy after 2.78 x 107 W mm-2 could 
         1 Day  
    
  C 
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be signs of overtreatment, where the most effective treatment intensity has been surpassed, and 
too much ablation and damage of the sample occurs. 
4.4.3 Single lap shear testing of PP 
The results of tensile lap shear tests on PP a few days and a few weeks after laser treatment are 
shown in Table 4-20 and Table 4-21, and are summarised in Figure 4-27. 
The lap shear strength increased by a factor of about ten immediately following laser surface 
treatment in air. This was followed by a further increase to a factor of 12-13 over the control after 
the treated surfaces had been left in ambient atmosphere for five weeks. The lower intensity 
treatments using a larger laser spot that covered the whole area of the sample tended to provide 
the best results. Treatment in ammonia was less effective at increasing the lap-shear strength. 
Table 4-20 - Tensile shear tests on PP samples with 25x12.5 mm overlap approximately one week 
after laser treatment. 
Sample Power intensity Mean Standard error Locus of Failure  
  W mm-2 N N  
Control film removed 0 110 48 B 
PP1 air 5.9 x 10
5 1246 64 B&C 
PP2 air 1.9 x 10⁶ 1061 30 B&C 
PP3 air 3.0 x 10⁶ 1093 37 B&C 
PP4 air 4.0 x 10
7 970 45 B&C 
PP5 NH3 3.0 x 10⁶ 571 92 B&C 
PP6 NH3 4.0 x 10
7 134 162 B&C 
 
Table 4-21 - Tensile shear tests on PP samples with 25x12.5 mm overlap five weeks after laser 
treatment. 
Sample Power intensity Mean Standard Dev. Locus of Failure 
  W mm-2 N N  
PP1 air 5.9 x 10
5 1406 40 C 
PP2 air 1.9 x 10⁶ 1387 14 C 
PP3 air 3.0 x 10⁶ 1351 40 C 
PP4 air 4.0 x 10
7 1324 9 C 
PP5 NH3 3.0 x 10⁶ 726 33 C 
PP6 NH3 4.0 x 10
7 328 94 B&C 
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The failure mechanisms are: A – In parent away from joint, B - Interfacial failure between adhesive 
and parent and C - Cohesive failure in adhesive. 
 
Figure 4-27 - Tensile shear tests on PP with 25x12.5 mm overlap showing standard deviation of 
results.  
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4.4.4 Fourier transform infrared spectroscopy of PP 
The spectra, one control and one of the highest intensity, are shown in Figure 4-28. The assignments 
of the peaks are given in Table 4-22. 
 
 
Figure 4-28 - FT-IR Spectra of control (top) and laser intensity 2.78x107 W mm-2 (bottom) for PP. 
2808, 2867, 2918, 2959 
1470 
1380 
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The FT-IR measurements show no change to the polymer bond characteristics and are inconclusive. 
There may be energetic or free-radical species present that are not shown by the FT-IR method, or 
the changes in performance may be related to structural modifications. 
Table 4-22 - Assignments of FT-IR peaks of PP material. 
PP 
 
 
Wavenumber (cm-1) Assignment 
2959 -CH2 and -CH3 deformations 
2918 -CH2 and -CH3 deformations 
2867 -CH2 and -CH3 deformations 
2808 -CH2 and -CH3 deformations 
1470 C-H deformations 
1380 -CH3 symmetrical deformation 
4.4.5 X-Ray photoelectron spectroscopy of PP 
The results of the XPS conducted on the PP specimens are shown in Table 4-23. The relative 
concentration of elements present in the sample were compared. 
Table 4-23 – Surface concentration of elements on PP surface after selected laser treatment 
intensities, obtained using XPS. 
Treatment Atomic % 
C/O ratio 
 
C1s O1s N1s Na1s S2p Si2p Cl2p Ca2p 
Control 95.75 2.92 
 
0.17 0.24 0.48 0.26 0.18 32.8 
7.83 x 10⁶ W mm¯² 97.67 2.33 
      
41.9 
9.99 x 10⁶ W mm¯² 95.28 4.72 
      
20.2 
2.78 x 10⁷ W mm¯² 88.93 10.43 0.44 
    
0.19 8.5 
 
The XPS results suggest that the control sample has trace elements of Na, S, Cl and Ca on the 
surface. The ratio of carbon to oxygen also decreases with increasing laser intensity. 
The survey spectra for untreated virgin PP material and laser treated PP material are displayed in 
Figure 4-29 and Figure 4-30. The significant peaks are labelled. High resolution spectra of the C 1s 
peaks of both untreated PP and laser treated PP are given in Figure 4-31 and Figure 4-32. 
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Figure 4-29 - Survey spectrum of untreated virgin PP material obtained using XPS. 
 
Figure 4-30 - Survey spectrum of laser treated PP material at a power intensity of 9.99x106 W mm-2 
obtained using XPS. 
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Figure 4-31 - High resolution C1s XPS spectrum of untreated PP. 
 
Figure 4-32 - High resolution C1s XPS spectrum of PP treated at 9.99 x106 W mm-2 
4.5 Discussion on laser surface modification of PEEK and PP 
4.5.1 Discussion on laser surface modification of PEEK 
The topographical data obtained by CLSM in Figure 4-2 to Figure 4-5 indicate that the material under 
the laser spot was melted and moved, creating a crater with the deepest point directly underneath 
the point of incidence of the laser beam. 
The lap-shear data, collated in Table 4-11 and depicted in Figure 4-8, confirms that the laser surface 
treatment positively affects the adhesion of bonded PEEK joints. Depending on the intensity of the 
laser power selected, the joint strength increased by a factor of 2-13 following laser surface 
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treatment in air. There is a sharp increase in strength at 107 W mm-2.  Visual assessment of the locus 
of failure of the adhesive joints shows that a change occurs at this critical value from interfacial 
failure at lower laser power intensity to cohesive within the PEEK or the adhesive at higher laser 
power intensities. This observation, along with the increased strength values, indicated that the laser 
treatment was improving the adhesion between the PEEK and the adhesive, although it was not 
clear whether this was a result of chemical modification of the surface or the removal of a weak 
boundary layer which may have been present due to the migration of processing aids to the surface. 
A detailed surface examination was conducted to further clarify the reasons for this positive 
outcome. 
The chemical nature of the PEEK surface before and after laser treatment was investigated using FT-
IR spectroscopy. The spectra for the control sample and the most intense PEEK treatment levels are 
shown for comparison in Figure 4-9, with peak assignments provided in Table 4-12. The FT-IR 
analysis was performed on samples processed at all laser intensities, but only the significant data is 
presented. The FT-IR measurements do not show any significant change between the untreated and 
treated specimens, possibly due to the 1-2 μm sampling depth of the technique. This was considered 
a useful result, as it suggests that whatever changes are occurring, they might be occurring closer to 
the surface of the PEEK than FT-IR can detect, and therefore the effects are exclusively surface 
effects. XPS and ToF-SIMS were employed next to further investigate the top few nanometres of the 
PEEK surfaces. 
The XPS analysis of PEEK specimens above and below the critical 107 W mm-2 value of laser 
treatment shows a number of changes to the surface composition. The surface composition, by XPS, 
for all samples investigated is presented in Table 4-13.  A number of observations can be made.  
Firstly, the carbon: oxygen elemental ratio decreased with increased laser intensity. Comparing the 
survey spectrum of the untreated PEEK in Figure 4-10 with that of the laser treated PEEK in Figure 
4-11 this effect is clearly seen in the change in relative intensities of the C1s (285 eV) and O1s (532 
eV) peaks. This increase in oxygen content is consistent with the observations made by Lawrence 
and Li (2001), Muruhara and Okoshi (1995) and Hiraoka (1995), who all reported an addition of 
oxygen containing groups, or an increase in surface oxygen content. Secondly, the proportion of 
nitrogen, silicon, sodium, chlorine and sulphur changes with different laser power intensities. The 
proportion of nitrogen on the surface increases slightly with increasing laser intensity. This would 
suggest either nitrogen combining with oxygen and forming on the surface, or combining with 
carbon to form amine groups, as reported by Kinloch et al (1992). The amount of silicon on the 
surface increases after laser treatment, which was found to be polydimethylsiloxane (PDMS) once 
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ToF-SIMS analysis was completed. The amount of sodium decreased at a laser intensity of 7.83 x 10⁶ 
W mm-². It is suggested that the surface is cleaned of extraneous sodium-based contamination, most 
likely in the form of sodium chloride because the proportion of chlorine decreased also. This would 
indicate that such contamination is a result of uncontrolled handling at some point in the history of 
the PEEK stock. The source of the very low concentration of zinc observed in the XPS survey 
spectrum of Figure 4-10 (Zn 2p3/2 = 1021 eV) is not clear but is assumed to be associated with an 
organo-zinc processing aid.  As indicated in Figure 4-11 this trace amount is readily removed by laser 
treatment.  The proportion of sulphur on the surface following laser treatment is reduced to zero, 
suggesting removal of sulphur-based contamination such as SO, SO2 and SO3. Finally, the 
environment of the carbon atoms on the surface of the PEEK changes after laser treatment. Further 
information to support the increase in the proportion of oxygen can be found by examining the high 
resolution spectrum of carbon. Peaks in the high resolution XPS C1s spectra of virgin PEEK in Figure 
4-12, are consistent with non-bonded aromatic carbon at 285.0 eV, aromatic carbon bonded to 
oxygen (C-O) at 286.6 eV and carbonyl (C=O) at 287.9 eV, which are all found within the structure of 
PEEK.  These binding energies are consistent with the chemical shifts of 1.6 eV for C-O and 2.9 eV for 
C=O in an organic polymer stated by Watts and Wolstenholme (2003). At a laser power intensity of 
7.83 x106 W mm-2, shown in Figure 4-13, there is an increase in the C-O groups and carbonyl (C=O) 
groups. There is also the appearance of a peak at 289.3 eV, characteristic of carboxylic acid (O-C=O) 
groups. Two mechanisms may be occurring. The first is the forming of polar functional groups on the 
surface, as supported by the contact angle data and the XPS data. The second mechanism is chain 
scission initiated by the energetic nature of the laser treatment and resulting in new polymer chain 
ends at the surface, terminated by carbonyl groups. Both these mechanisms increase the proportion 
of oxygen on the PEEK surface, resulting in a higher surface free energy, and consequentially greater 
adhesion strength. 
ToF-SIMS analysis showed some changes to the chemical composition of the PEEK surface due to 
laser treatment. Firstly, polydimethylsiloxane (PDMS) appears on the laser treated PEEK surface. This 
is characterised by the peaks at 43, 147, 221 and 281 in the positive ToF-SIMS spectrum of laser 
treated PEEK in Figure 4-15. Secondly, extraneous material is removed by the laser. Peaks in the 
negative spectrum in  Figure 4-16, at 80, 183 , 255, 265, 311 and 325, are reduced following laser 
treatment, shown in the negative SIMS spectrum of the treated PEEK in Figure 4-17.  
In order to assess the source of the PDMS, a sample section of the bulk of the PEEK was cut from a 
coupon using a fresh scalpel blade, the ToF-SIMS spectra from this specimen are shown in Figure 
4-18. The peaks at 43, 147, 221 and 281 of Figure 4-18 confirm that the bulk sample of PEEK contains 
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PDMS, and therefore suggests that as a result of the laser treatment the PDMS has migrated to the 
surface of the PEEK. The PDMS does not appear to have any detrimental effect on the lap shear 
strength of the laser treated PEEK, and this is supported by the work of Vickers et al (19). They found 
that the interlaminar strength of carbon fibre reinforced polymers, manufactured from pre-preg 
stock with PDMS surface contamination (from the protective peel plies) was not adversely affected 
by the presence of PDMS.  They noted, however that addition of a PDMS of high molecular weight to 
pre-preg surface prior to composite manufacture did compromise performance.  The interpretation 
was that low molecular weight material could readily diffuse away from the prior pre-preg interface, 
perhaps forming an interpenetrating network, whilst the more viscous material was much less 
mobile and formed the usual weak boundary layer. 
The lap shear tests, contact angle measurements and surface chemical analyses can be related 
quantitatively. All methods of analysis show that at a laser power intensity of 107 W mm-2 and above 
a significant change to the PEEK surface is occurring. The surface free energy significantly increases 
at this laser power intensity and this will improve the extent of wetting of the cyanoacrylate 
adhesive onto the PEEK surface. As the dispersive part of the surface free energy remains relatively 
unchanged, and the polar contribution to surface free energy increases, it can be suggested that the 
PEEK-adhesive interfacial forces are enhanced via dipole-dipole, hydrogen bonds and other acid-
base interactions. This is supported by the XPS analysis which shows formation of C-O, C=O and O-
C=O functional groups on the treated PEEK surface and a decrease in the carbon; oxygen ratio. 
The presence of weak boundary layers is a cause for concern in many adhesively bonded joints. The 
first type of weak boundary layer concerns weak surface regions of the substrate, as reported by 
Kinloch & Yuen (1989). This phenomenon has not been evident during the laser treatment of PEEK 
studies, as laser treatment moves the locus of failure completely to the substrate and not the joint’s 
interface. The second type of weak boundary layer that Kinloch and Yuen mention is as a result of 
extraneous materials such as mould release agents and contaminants on the surface. It has been 
shown in this work that the untreated PEEK substrate does possess these extraneous materials on 
the surface, and that the laser treatment is successful at removing them to a certain degree. While 
the laser treatment has also been shown to promote PDMS to the surface of the PEEK. The locus of 
failure is still moved to the substrate, the surface energy increases and the lap shear joint strength 
increases. It can therefore be suggested that weak boundary layers in this case are not detrimental 
to these particular adhesively bonded joints. 
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4.5.2 Discussion of laser surface modification of PP 
A smaller study was conducted on laser treatment on PP, in much the same way as with the PEEK 
specimens. CLSM was performed in order to investigate the topographical changes to the PP surface. 
In a similar manner to the PEEK, the PP surface is deformed at each point of laser incidence, 
producing a dotted appearance on the specimen surface. This is illustrated in Figure 4-19 to Figure 
4-24. 
Figure 4-19 shows the surface of the PP sample treated with a laser power intensity of 7.83 x106 W 
mm-2. As with the treatment of PEEK, there is a series of discrete spots located at the points on 
which the laser pulses were focused. The size of the spots is generally equal apart from two which 
are smaller. It is suggested that this difference is caused by the laser interacting with vapour and 
ejected material from the sample as the sample passes under the aperture and hence losing 
intensity. 
The higher intensity laser treatment appears to have a larger effect on the size of the treated area. 
This can be explained by the melting characteristics of the PP. With a greater laser intensity there is 
more heat energy generated and hence a larger area required for that heat energy to dissipate. This 
results in a larger treated area. Unlike the PEEK specimens treated at this laser intensity, there does 
not appear to be as much of a cratering effect. The treatment seems to stay closer to the surface 
and not as much material is moved or ejected by the laser. This can be attributed to the fact that 
PEEK has a higher glass transition temperature and melting temperature than PP, and more energy is 
required to displace the PEEK than the PP. 
The chemical nature of the PP surface before and after laser treatment was investigated using FT-IR 
spectroscopy, as with the PEEK specimens. The spectra for the control sample and the most intense 
PP treatment levels are shown for comparison in Figure 4-28, with peak assignments provided in 
Table 4-22. The FT-IR analysis was performed on samples processed at all laser intensities, but only 
the significant data is presented. The 1-2 μm sampling depth of the technique again limits the 
information that can be obtained from the FT-IR data, but it can be concluded that any changes may 
be happening closer to the surface. XPS was the employed to investigate closer to the surface, to 
within the top few nanometres. 
The XPS analysis of PP specimens above and below the critical 107 W mm-2 value of laser treatment 
shows a number of changes to the surface composition. The surface composition, by XPS, for all 
samples investigated is presented in Table 4-23.  As with the PEEK, the carbon: oxygen elemental 
ratio decreased with increased laser intensity. Comparing the survey spectrum of the untreated 
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PEEK in Figure 4-29 with that of the laser treated PP in Figure 4-30, the change in relative intensities 
of the C1s (285 eV) and O1s (532 eV) peaks can be clearly seen. The proportion of lower abundance 
elements, namely, silicon, sodium, chlorine, and sulphur reduces to zero with all laser power 
intensities. The two exceptions to this are nitrogen and calcium which remain present, or are indeed 
introduced at a laser power intensity of 2.78 x 10⁷ W mm¯². The proportion of nitrogen on the 
surface increases at the highest laser intensity of 2.78 x 10⁷ W mm¯². This would suggest either 
nitrogen combining with oxygen and forming on the surface, or combining with carbon to form 
amine groups, as reported by Kinloch et al (1992). However, the laser intensity required to initiate 
this change is higher in the case of PP than with PEEK. Calcium is reduced to zero following laser 
treatment but then increases again at a laser power intensity of 2.78 x 10⁷ W mm¯². It is suggested 
that this is a result of a calcium based processing aid being revealed from the bulk at this laser power 
intensity. Silicon on the surface decreases to zero after laser treatment. This may have been PDMS 
as with the PEEK material, but was not deemed to be as high a priority for further investigation and 
it was completely removed during all laser treatment intensities. The amount of sodium and chlorine 
is reduced to zero. It is suggested that this represents the removal of sodium chloride, potentially 
tranferred during handling at some point in the history of the PP stock. The proportion of sulphur on 
the surface following laser treatment is reduced to zero, suggesting removal of sulphur-based 
contamination such as SO, SO2 and SO3.  
The environment of the carbon atoms on the surface of the PP changes after laser treatment. 
Further information to support the increase in the proportion of oxygen can be found by examining 
the high resolution spectrum of carbon. The peak in the high resolution XPS C1s spectra of virgin 
PEEK in Figure 4-31 is consistent with non-bonded aromatic carbon at 285.0 eV. At a laser power 
intensity of 9.99 x 106 W mm-2, shown in Figure 4-32, there is an increase in the (C-O) groups at 286.5 
eV and carbonyl (C=O) groups at 288.6 eV. Chain scission and introduction of functional groups, as 
with the PEEK material, are the most likely mechanisms occurring to bring about the increase in C-O 
and C=O groups. 
4.6 Final remarks concerning laser processing for surface modification 
Laser surface treatment of both PEEK and PP provided an increase in polar and total surface energy, 
a decrease in water contact angles, a greater adhesive strength and an oxidation of the surfaces. 
Functional groups, which are oxygen based, were introduced to the surfaces and provide sites for 
adhesive bonding to take place. Laser surface treatment has been shown to be as effective as 
plasma and corona treatment in its ability to functionalise low surface energy polymers. An increase 
in surface energy may provide improvements in attachment strength for implants and also in the 
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way biological cells interact with the surface, in the case of PEEK. Initial results are promising but 
more process development is required in order to make this process suitable for industrial use, 
increasing the technology readiness level. However, lasers are already being used to surface clean 
materials prior to bonding and their ability to target small specific areas without the need for an 
enclosed chamber makes them a more promising option for industrial use than other energetic 
treatments such as plasma or corona discharge treatment. 
The laser surface treatment could be applied to a well-controlled pattern of regions at a high pattern 
resolution. This gives opportunity for wider application in medical products. If ways can be found to 
increase and decrease the surface energy, then it should be possible to create a pattern on the 
surface of PEEK that would behave in the same way as a series of fluid channels. The surface energy 
changes would attract fluid in some regions and repel it in others. 
The laser surface treated surface showed improvements in adhesive bonding performance, which 
should be extendable to the bonding of PP to PU for joints in insulated oil or gas pipelines. The 
surface treatment was robust, showing good retention of surface energy after 5 weeks of storage in 
air. Again, as with the PEEK treatments, this technique once properly developed will offer significant 
advantages over other surface treatment methods, such as treatment precision; allowing small 
regions or regions with very tight tolerances to be treated, and portability; giving opportunities to 
perform laser treatments out in the field. With adequate equipment and process development this 
could be done using a portable or hand-held laser system. 
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5 Procurement of a picosecond pulsed laser and laser ablation of 
dummy fibres 
5.1 Introduction 
This chapter details work that was performed as part of an EU-funded collaborative project called 
Powerweave, introduced in section 5.2. The initial step was to identify and purchase a suitable laser 
system for laser stripping of insulation on photovoltaic and energy storage fibres, and then the 
subsequent activities were centred around initial laser stripping experiments on interim samples 
provided by the Powerweave project consortium. Laser stripping experiments were conducted 
alongside efforts by the consortium to develop and manufacture the final fibre products detailed in 
section 5.2. 
A number of experiments were conducted on the dummy fibres, with each experiment focusing on 
the variation of one particular parameter each time. The parameters investigated were laser mark 
speed, which is the linear speed of the laser beam on each raster (but not the speed at which the 
processing progresses along the fibre), the spacing between rasters, the angle at which the sample 
was positioned to the horizontal, the number of passes the laser makes across the sample, the 
wavelength of the laser and finally the length of the laser raster. Laser stripping of a urethane 
acrylate coated flat copper sheet was also performed to achieve a larger sampling area for XPS 
analysis. 
5.2 Powerweave FP7 Collaborative Project 
5.2.1 Introduction to Powerweave 
Powerweave is an EU-funded collaborative project supported by the Seventh Framework 
Programme. It is comprised of 13 partners with TWI as the project co-ordinator. Table 5-1 lists the 
partners. 
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Table 5-1 - List of partners in the Powerweave collaborative project 
Partner Country 
TWI Limited UK 
EPFL Switzerland 
Centexbel Belgium 
Brunel University UK 
CeNTi Portugal 
Ohmatex Denmark 
Bonar Technical Fabrics Belgium 
VDS Weaving Belgium 
Lindstrand Technologies UK 
SEFAR Switzerland 
Fundació Privada Cetemmsa Spain 
Pianeta Italy 
Peerless Plastic Coatings UK 
 
The objective of the project is to develop a functional fabric which can harness and store solar 
energy within the fibres. The manufacture of the Powerweave fabric requires two types of fibres. 
Firstly, the photovoltaic fibres are designed to harness solar energy and convert it to electricity. This 
is achieved via technology similar to flat solar cells. This is via a series of active layers coated onto a 
copper substrate. The light interacts with the active layers and it is converted to current in the 
copper substrate, representing the positive terminal in an electrical circuit. In this work, the copper 
substrate is in the form of a fibre and the active layer is coated with a secondary silver conductor 
which acts as the negative terminal. The whole system is then protected with a UV-cured urethane 
acrylate coating.  
The second type of fibre is the energy storage fibre. These are designed to store the electrical energy 
generated by the photovoltaic fibres and are based on supercapacitor technology. These fibres 
comprise of a copper inner core, coated with carbon and silver layers, and are finally coated with the 
same UV-cured urethane acrylate as the photovoltaic fibres. 
Work packages of the Powerweave project are listed below in Table 5-2. 
Table 5-2 - List of Powerweave work packages. 
Work Package Title Task leader 
WP1 Specification and life cycle analysis SEFAR 
WP2 Photovoltaic material development EPFL 
WP3 Energy storage material development Brunel University 
WP4 Fibre/yarn making CeNTi 
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WP5 Integration Ohmatex 
WP6 Fabric development Centexbel 
WP7 Demonstration Lindstrand Technologies 
WP8 Dissemination and exploitation Bonar Technical Fabrics 
 
5.2.2 The role of the current work in Powerweave 
The role of the project was to deliver work package section WP5.2 – interconnection. The task of 
WP5.2 was to prepare the Powerweave fabrics for electrical interconnection, by removing the outer 
layers and exposing the conductors using a laser. This task was essential as it will enable the fibres to 
be electrically interconnected after being woven into a fabric. 
5.3 Laser procurement 
5.3.1 Introduction to procurement process 
This section details the activities conducted in order to obtain a laser system capable of performing 
the ablation of the Powerweave fibres. The Powerweave project provided a budget for TWI to 
purchase a suitable laser for stripping the photovoltaic and energy storage fibres.  
5.3.2 Initial specifications 
The laser system required should have the ability to strip specific layers from the fibres, allowing 
electrical interconnection and without damage or hindrance to the functionality of the fibres. 
After attending an Association of Laser Users workshop at the Rutherford Appleton Laboratory, a 
company was identified which could provide a laser suitable for ablation of the Powerweave 
materials. Fianium Ltd., based in Southampton, UK, is a manufacturer of picosecond and 
femtosecond laser systems. A review of alternative laser systems was conducted and it was 
concluded that Fianium offered the most suitable solution in terms of capital costs, maintenance 
costs and ability to meet specifications. 
Initial discussions centred on the specifics of the problem and advice on which of their range of 
lasers could be most suitable. Experiments were organised to assess the capability of their lasers on 
some candidate samples. These were conducted in Fianium’s applications laboratory in Oregon, 
USA. 
5.3.3 Fianium laser experiments 
In consultation with Fianium, and consideration of the materials to be used in the Powerweave 
fibres, it was decided to conduct initial feasibility experiments on 2 types of sample. A 10 μm thick 
urethane acrylate film on transparent polycarbonate, to simulate the final protective layer on the 
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photovoltaic and energy storage fibres and a 10 μm thick carbon (China Ink) on steel, to simulate the 
carbon layers in the energy storage fibres. The ultimate goal of the study was to remove ~70 μm x 5 
mm rectangles from the deposited films, removing the entire thickness and exposing the substrate.  
The laser processing system was comprised of two custom Fianium HE1060/532 high-energy 
picosecond lasers, a beam expander, a beam scanner, and a 2D positioning stage. The lasers 
provided of up to about 5 and 3 μJ with a wavelength of 532 nm and 10 and 6 μJ at 1064 nm, a 
repetition rate of up to 500 kHz, and with pulse duration of 4 and 46 ps. The initial 2 mm diameter 
laser beam was expanded with a 2-8x variable beam expander (VBE) and then redirected into a 
galvo-scanner head (Scanlab HurrySCAN II-14), which directed the beam through a focusing lens 
(f=100 or 55 mm) and onto the work surface. The spot size at the work surface was controllable from 
under 5 μm to over 50 μm in diameter.  
Fianium demonstrated the capability to remove both urethane from polycarbonate and carbon from 
steel. The processes worked well at both 4 and 46 ps pulse widths, but the urethane removal 
required green (532 nm) illumination. 70 μm x 5 mm trenches were successfully cut in both 
materials, as well as larger area strips. The throughput was extremely fast for the narrow trenches, 
around 0.7 seconds, while the larger area removal required much more time, approximately 40 
seconds. Process throughput was determined to be approximately 56 mm/min and 26 mm/min for 
urethane and carbon removal respectively.  
A dual wavelength (1064 nm and 532 nm) system was recommended with an average power of 25W 
and pulse duration of < 50 ps. Pulse energy was recommended at > 20μJ at 1064 nm and > 10 μJ at 
532 nm. The Fianium HYLASE-25-SHG met these specifications and was purchased for the 
Powerweave project. 
5.3.4 Beam delivery system specification and procurement 
The HYLASE-25-SHG comprises of a master oscillator, cooled by a water chiller, and a remote head, 
containing the amplification fibres and the second harmonic generator (SHG). The generated laser 
beams were emitted into free space and utilisation of these beams for the Powerweave experiments 
required beam steering and focussing optics in order to direct them onto the work piece with a 
defined focus position and beam diameter. This section details the optics that were selected and 
used. 
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5.3.4.1 Galvo scanner 
TWI owns a Raylase Superscan-II galvanometric scanning head, used initially in conjunction with a 
separate 200W continuous wave fibre laser. This scanning head was adapted for the Powerweave 
experiments. 
The Superscan-II comprises two galvo-mirrors, which steer the input beam (maximum 10mm 
diameter) through an f-theta lens. This lens focuses the beam and also compensates for the curved 
focus plane that would be generally created by a standard optical lens. The f-theta lens provides a 
flat plane of focus. The f-theta lens was only compatible with 1064 nm wavelength light, so a second 
f-theta lens was purchased to accommodate the 532 nm wavelength available with the HYLASE-25-
SHG. 
The galvo scanner was fitted onto a custom-built mounting platform, which had 10mm of 
adjustment in the z-axis. This allowed the scanning head input aperture to be aligned with the beam 
exit from the HYLASE-25-SHG remote head. 
5.3.4.2 Mirrors 
Fused silica mirrors were specified and integrated into the beam steering setup. These mirrors offer 
>99% reflectivity, meaning minimal energy losses associated with steering the 532 nm green 
wavelength beam into the scanning head. The 1064 nm infra-red aperture was directly aligned with 
the scanning head input aperture, so no mirrors were required for the infra-red beam. 
5.3.4.3 Beam expanders 
A beam expander multiplies the diameter of an inputted laser beam. The larger the beam diameter 
on entry to the scanning head (to a maximum of 10mm in the Raylase Superscan-II), the smaller the 
final beam spot size and hence the greater the fluence (energy density). The HYLASE-25-SHG was 
fitted with a 5x beam expander for each wavelength. This gave a scanning head aperture input beam 
diameter of 7.4mm at 1064 nm wavelength and 7.7mm at 532 nm wavelength. Just over 2mm of 
clearance was allowed to minimise the risk of the input beam clipping the edges of the scanning 
head input aperture. 
5.3.4.4 Safety interlocks 
The laser was integrated into a dedicated laser lab. Safety interlocks were fitted on the door to the 
laboratory, which disables the laser when the door is open. A dead man’s handle was also added to 
the interlock system, meaning that the laser can only be operated from outside the lab, with the 
door closed. This system was also linked to a traffic light warning system, displaying ‘green’ when 
the laser is disabled, ‘amber’ when the laser is enabled, and ‘red’ when the laser beam released. 
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5.3.4.5 X-axis stage 
The sample stage was comprised of an anodised aluminium plate, mounted vertically on an x-axis 
linear adjustable stage. The x-axis adjustment allowed fine tuning of the laser focus position on the 
sample by moving the sample either closer or further away from the scanning head. 
5.3.5 Final configuration 
Figure 5-1 shows the schematic of the final laser setup for the HYLASE-25-SHG. The system was 
entirely integrated and enclosed within the laser laboratory. The master oscillator was cooled by an 
air-cooled water chiller, and was connected up to the safety interlocks. The PC was used to control 
the enabling of the laser, and also to send the laser processing programme to the Superscan-II 
scanning head. The final electronic signal to allow emission of the laser was sent via the scanning 
head to synchronise the scanning head with the remote head. 
 
Figure 5-1 - Schematic of final HYLASE-25-SHG laboratory setup 
5.4 Analysis techniques for characterisation of Powerweave fibres  
5.4.1 Introduction to surface analysis techniques for Powerweave 
Surface characterisation techniques used for this part of the study have been introduced and 
discussed in chapter 3, with the exception of electrical continuity. This method is introduced below. 
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5.4.2 Electrical continuity measurements 
Measurements were performed to assess the electrical conductivity of the stripped fibres. The 
objective of the project was to strip the coatings from the fibres, revealing the conductive layers for 
subsequent electrical interconnection. 
The electrical resistance of the stripped fibres was measured with a LAP MAS830B digital 
multimeter, with an accuracy of 0.1 Ω ± 5%. One probe was placed on the stripped area, and another 
was placed on a manually stripped area on the end of the fibre sample.  
5.5 Laser ablation of Powerweave dummy fibres 
As a result of scale-up development issues within the project, ‘dummy’ fibres were supplied by one 
of the partners. These dummy fibres did not contain the active photovoltaic layers, but allowed 
relevant work on the urethane acrylate coating to be carried out. 
The dummy fibres studied and processed in this work were provided by Centexbel and comprised of 
a copper core conductor, coated with polyurethane and then a UV-cured urethane acrylate. The 
total diameter of the fibre was 150 μm with the coating accounting for 30 μm to 40 μm of this total 
diameter. Each sample was cut from a reel of fibre and had a length of 30 mm. 
For these experiments, the HYLASE-25-SHG was used. The majority of the experimental method for 
the HYLASE-25-SHG was provided previously in Chapter 3, but a brief summary is provided here. 
Each sample was treated with a rastered laser beam which traversed perpendicular to the fibre 
direction, with each pass moving from left to right at set increments, similar to a barcode. This is 
shown in Figure 5-2. The scanning speed of the process related to the speed at which the laser 
travelled across the fibre, as opposed to along the fibre. 
Each sample was treated along with two repeat samples, to ensure consistency in the results. One of 
the three runs was selected in each case for further analysis. 
 
Figure 5-2- Schematic of raster specification for laser stripping of dummy fibres. The solid line 
indicates where the laser is on and the dotted line represents where the laser is off. 
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After laser treatment, the fibre samples were examined using focus variation microscopy, which was 
detailed in Chapter 3. Selected samples were also examined via SEM, XPS and were tested for 
electrical continuity. 
5.5.1 Laser mark speed 
The first set of experiments was set up to investigate the effect of laser scanning speed on the 
quality of the coating removal. The parameters were set up according to Table 5-3 and the 
subsequent focus variation microscopy images are shown in Table 5-5. 
Table 5-3 - Laser stripping parameters for infra-red experimental set number 1. 
Sample λ (nm) Passes 
Repetition Rate 
(MHz) 
Mark speed  
(mm s-1) 
Pulse overlap 
(%) 
Raster spacing 
(μm) 
D-IR1 1064 1 0.2 6000 68.70 75 
D-IR2 1064 1 0.2 4500 76.53 75 
D-IR3 1064 1 0.2 3000 84.35 75 
D-IR4 1064 1 0.2 1500 92.18 75 
D-IR5 1064 1 0.2 750 96.09 75 
D-IR6 1064 1 0.2 375 98.04 75 
D-IR7 1064 1 0.2 187.5 99.02 75 
D-IR8 1064 1 0.2 112.5 99.41 75 
D-IR9 1064 1 0.2 75 99.61 75 
 
Table 5-4 - Laser stripping parameters for infra-red experimental set number 2. Pulse repetition 
rate 200 kHz, 1 pass, raster spacing 75 μm. 
Sample λ (nm) 
Mark speed  
(mm s-1) 
Pulse overlap 
(%) 
D-IR10 1064 112.5 99.41 
D-IR11 1064 127.5 99.33 
D-IR12 1064 142.5 99.26 
D-IR13 1064 157.5 99.18 
D-IR14 1064 172.5 99.10 
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Table 5-5 - infra-red experimental set 1, focus variation microscopy images of samples D-IR1-D-IR9, 
varying laser mark speed (for reference, the scale bar in each image represents 50 μm) 
Sample Image Sample Image 
Sample D- IR1 
Mark speed 
6000 mm s
-1
 
 
Sample D-IR2 
Mark speed 
4500 mm s
-1
 
 
Sample D- IR3 
Mark speed 
3000 mm s
-1
 
 
Sample D-IR4 
Mark speed 
1500 mm s
-1
 
 
Sample D- IR5 
Mark speed 
750 mm s
-1
 
 
Sample D-IR6 
Mark speed 
375 mm s
-1
 
 
Sample D-IR7 
Mark speed 
187.5 mm s
-1
 
 
Sample D-IR8 
Mark speed 
112.5 mm s
-1
 
 
Sample D-IR9 
Mark speed 
75 mm s
-1
 
 
  
 
Focus variation images were taken of samples D-IR1 through D-IR9. This first set of experiments was 
to identify the processing window in which the scanning speed produced an effective stripping 
result. Samples D-IR1 to D-IR7 do not suggest that the polymer coating had been removed, but what 
is suggested is that the underlying copper is being affected. Samples D-IR3 and D-IR4 in particular, 
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and continuing to sample D-IR7 indicate a blackening of the copper despite the coating still being 
present. These features suggest that there has been localised heating in these regions and that the 
copper is either oxidised or overheated. Sample D-IR8 shows that a trench has been formed and the 
polymer coating has been removed, exposing the underlying copper. The repeated patterning on the 
copper surface appears to match the raster spacing employed during these experiments, especially 
in Sample D-IR8 where the features are separated by just over 50 μm. Before any further surface 
characterisation work was carried out, a second set of experiments was conducted to add more data 
around the parameters used for sample D-IR8 (112.5 mm s-1) to more precisely identify the speed at 
which coating removal occurred. The parameters for experimental set number 2 are given in Table 
5-4. 
Table 5-6 - infra-red experimental set number 2, focus variation microscopy images of samples D-
IR10 - D-IR14, varying laser mark speed (for reference, the scale bar in each image represents 50 
μm) 
Sample Image Sample Image 
Sample D- IR10 
Mark speed 
112.5 mm s
-1
 
 
Sample D-IR11 
Mark speed 
127.5 mm s
-1
 
 
Sample D-IR12 
Mark speed 
142.5 mm s
-1
 
 
Sample D-IR13 
Mark speed 
157.5 mm s
-1
 
 
Sample D-IR14 
Mark speed 
172.5 mm s
-1
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According to the images in Table 5-6, the mark speed at which coating removal occurs, at 1064 nm 
wavelength, 0.2 MHz repetition rate and a raster spacing of 75 μm, is between 127.5 mm s-1 and 142 
mm s-1. At faster speeds than this, it once again appears as though the copper was being affected 
without full removal of the polymer coating, in the same manner as with experimental set number 1. 
5.5.2 Raster spacing 
The striped black/copper effect on the exposed conductor appeared to be consistent once the 
coating was removed. To investigate this effect, a third set of experiments was performed, varying 
the raster spacing.  The parameters are given in Table 5-7 and the subsequent focus variation images 
are given in Table 5-8.. 
Table 5-7 - Laser stripping parameters for infra-red experimental set number 3, varying raster 
spacing. mark speed 112.5 mm s-1, pulse repetition rate 200 kHz, 1 pass. 
Sample λ (nm) Pulse overlap (%) Raster spacing (μm) 
D-IR15 1064 99.41 120 
D-IR16 1064 99.41 115 
D-IR17 1064 99.41 90 
D-IR18 1064 99.41 60 
D-IR19 1064 99.41 45 
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Table 5-8 - infra-red experimental set number 3, focus variation microscopy images of samples D-
IR15- D-IR19, varying laser raster spacing (for reference, the scale bar in each image represents 50 
μm) 
Sample Image Sample Image 
Sample D-IR15 
Raster spacing 
120 μm 
 
Sample D-IR16 
Raster spacing 
115 μm 
 
Sample D-IR17 
Raster spacing 
90 μm 
 
Sample D-IR18 
Raster spacing 
60 μm 
 
Sample D-IR19 
Raster spacing 
45 μm 
 
  
 
The images in Table 5-8 suggest that a raster spacing that closely matches the beam size of the laser 
gives the cleanest ablation and the least blackening of the copper surface, as shown in Sample D-
IR16 and Sample D-IR17. These images also confirm that the spacing of these patterns is directly 
related to the raster spacing of the process. Sample D-IR15 shows that increasing the raster spacing 
to greater than the beam diameter results in strips of coating removal, with areas in between which 
are not stripped. 
The focus variation images thus far all suffer from poorly resolved outer coatings, as a result of the 
transparency of the polyurethane and the urethane acrylate. To circumvent this problem and to be 
able to look more closely at the coatings, several samples were gold sputter coated. The process 
parameters used on these samples was the same as for samples D-IR10-D-IR14. They are given in 
Table 5-9. 
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Table 5-9 - Laser stripping parameters for infra-red experimental set number 4. Pulse repetition 
rate 200kHz all gold sputter coated. 
Sample λ (nm) Passes Mark speed (mm s-1) 
Raster spacing 
(μm) 
D-IR20 1064 1 112.5 75 
D-IR21 1064 1 127.5 75 
D-IR22 1064 1 142.5 75 
D-IR23 1064 1 157.5 75 
D-IR24 1064 1 172.5 75 
The samples in Table 5-9 were studied using SEM in backscatter mode. The images for this study are 
given in Table 5-10. 
Table 5-10 - SEM images taken in backscatter mode. Varying laser mark speed, parameters given in 
Table 5-9. 
Sample Image Sample Image 
Sample D-IR20 
Mark speed 
112.5 mm s
-1
 
 
Sample D-IR21 
Mark speed 127.5 
mm s
-1
 
 
Sample D-IR22 
Mark speed 
142.5 mm s
-1
 
 
Sample D-IR23 
Mark speed 157.5 
mm s
-1
 
 
Sample D-IR24 
Mark speed 172.5 
mm s
-1
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Figure 5-3 - SEM image of sample D-IR21 with 5000x magnification image of the edge of the 
treatment area. 
The SEM image for sample D-IR21 in Table 5-10 shows the sample at a 90° longitudinal rotation to 
the laser treatment plane. The surface of the exposed copper appears to have been affected by the 
laser in addition to the removal of the polymer coating. The surface appears to have developed 
undulations at approximately 80 μm intervals, matching the raster spacing of the process. This 
would suggest that the copper was being ablated by the laser and correlates with the previous focus 
variation images that show blackening of the copper even without coating removal. One possible 
scenario occurring during the laser stripping of these fibres is that the laser is transmitting through 
the transparent polymer coating and heating the copper underneath. At a critical mark speed of 
between 157.5 mm s-1 and 172.5 mm s-1, the heat generated within the copper was sufficient to heat 
and remove the polymer coating. This would also explain the melt faces around the periphery of the 
trenches created by the laser, as depicted in Figure 5-3. In addition to this, the surface of the copper 
appears to have changed structure. The change in the surface structure of the copper suggests that 
it is being overheated by the laser, which may be a cause of the blackening. It was initially suggested 
that the blackening was oxidation of the copper. In order to investigate this, X-Ray photoelectron 
spectroscopy was performed on the laser exposed copper surface. 
5.5.3 Sample angle 
The next set of experiments were undertaken to study the effect of sample angle on the efficiency of 
the laser stripping process. The sample angle was defined as the angle of the sample on the sample 
Undulations – copper removed 
PU/UA coating 
Copper core 
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stage, in relation to the horizontal. The number of passes was increased to 3 in this set of 
experiments, as a few preliminary samples at 1 pass were not conclusive. 
Table 5-11 - laser parameters for sample angle variation experiments. Pulse repetition rate 200 
kHz, raster spacing 15um, mark speed 150 mm s-1. Sample angle is relative to horizontal. 
Sample λ (nm) Sample angle (°) 
Number of 
passes 
D-IR25 1064 10 3 
D-IR26 1064 15 3 
D-IR27 1064 20 3 
D-IR28 1064 30 3 
D-IR29 1064 90 3 
 
Table 5-12 – focus variation microscopy images of samples D-IR25 – D-IR29 – Sample angle 
variation experiments. 
Sample Image 
Sample D-IR25 
10° 
 
Sample D-IR26 
15° 
 
Sample D-IR27 
20° 
 
Sample D-IR28 
30° 
 
Sample D-IR29 
90° 
 
By altering the sample angle and rotating it away from the horizontal, it is clear to see that initially 
the stripping is no longer confined to the centre of the fibre. The effects of the laser treatment 
traverse the entire width of the surface facing the laser. Sample D-IR29, at a sample angle of 90°, has 
been completely stripped of the urethane acrylate layer, rather than the trenches that were being 
formed at a sample angle of 0°. 
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5.5.4 Multiple passes 
After determining that a sample angle of 90° was optimal for obtaining more successful urethane 
acrylate removal, this parameter was used for all subsequent experiments. The number of passes 
across the treatment area was investigated following the sample angle experiments. The parameters 
used are shown in Table 5-13 and the focus variation microscopy images of the treated samples are 
shown in Table 5-14. 
Table 5-13 - Laser parameters for multiple pass experiments. Pulse repetition rate 200 kHz, raster 
spacing 15μm, mark speed 150 mm s-1, sample angle 90°. 
Sample λ (nm) Number of passes 
D-IR30 1064 1 
D-IR31 1064 2 
D-IR32 1064 3 
D-IR33 1064 4 
D-IR34 1064 5 
Table 5-14 - Focus variation microscopy images of samples D-IR30 to D-IR34 - Pulse repetition rate 
200 kHz, raster spacing 15μm, mark speed 150 mm s-1, sample angle 90° - Multiple pass 
experiments. 
Sample Image 
Sample D-IR30 
1 pass 
 
Sample D-IR31 
2 passes 
 
Sample D-IR32 
3 passes 
 
Sample D-IR33 
4 passes 
 
Sample D-IR34 
5 passes 
 
 
Coating removal increased with each successive pass, up to 3 passes. Sample D-IR30 shows a dummy 
fibre sample after a single pass. The copper was visibly affected by the laser, and there was a small 
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amount of blistering and removal of the urethane acrylate coating. This is an indication that the 
removal originates from the copper/urethane acrylate interface and proceeds outwards towards the 
outer surface of the fibre. Sample D-IR31 shows the effect of a second pass. Coating removal was 
improved, but there was still some coating remaining. After 3 passes, indicated by Sample D-IR32, 
the coating was completely removed from the treatment area. The copper surface, however, was 
left with a blackened layer. This blackened layer remained after 4 and 5 passes, depicted by Sample 
D-IR33 and Sample D-IR34 respectively. It was deemed that 3 passes were sufficient to generate full 
coating removal, and that a 4th or 5th pass did not add any extra benefit. 
X-ray photoelectron spectroscopy was performed on sample D-IR32 to investigate the nature of the 
blackened layer. This is detailed and discussed later in section 5.5.8. 
5.5.5 Laser wavelength 
After the infra-red laser experiments, the green wavelength laser was investigated. 8 separate 
samples were trialled, with the mark speed and number of passes as the variable parameters. 
Table 5-15 - Laser parameters for 532nm wavelength stripping experiments. Pulse repetition rate 
200 kHz, raster spacing 20µm, sample angle 90°. 
Sample λ (nm) Passes Mark speed (mm s-1) 
D-G-01 532 1 21 
D-G-02 532 1 31.5 
D-G-03 532 1 42 
D-G-04 532 1 52.5 
D-G-05 532 2 21 
D-G-06 532 2 31.5 
D-G-07 532 2 42 
D-G-08 532 2 52.5 
 
All 8 samples from D-G-01 to D-G-08 showed no effect to the dummy fibre, other than an increase in 
surface temperature. None of the tested parameters induced removal or any effect on the urethane 
acrylate/copper interface. It was decided that infra-red was the more suitable wavelength for laser 
stripping of the dummy fibres, and no further green wavelength experiments were conducted on the 
dummy fibres. 
5.5.6 Raster length 
The length of each laser marking raster was briefly investigated. Only one sample (D-IR35) was 
tested as a result of limited sample material availability. The laser parameters used were identical to 
sample D-IR30 ( laser wavelength 1064 nm, pulse repetition rate 200 kHz, raster spacing 15μm, mark 
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speed 150 mm s-1, sample angle 90°, 1 pass), however the raster length was increased from 4 mm to 
20 mm. The resulting stripped area is shown in Figure 5-4.  
 
Figure 5-4 - Focus variation microscopy image of sample D-IR35 
The coating was stripped around the full circumference of the fibre, and there was only a small 
amount of blackening on the copper surface. 
5.5.7 Laser stripping of flat urethane acrylate coated copper sheet 
On the basis of the data reported above, laser stripping of the dummy fibres was deemed to be 
possible. However, for surface characterisation the treatment area was very small, with the copper 
fibre being 200 μm in diameter. This would mean that methods such as XPS, while still applicable, 
would only be able to be used to confirm the presence of copper, and to analyse the blackening on 
the copper surface. In order to be able to run an XPS spot size of 400 μm and obtain sufficient 
intensity for analysis of the C 1s high resolution spectrum, a 0.5mm thick copper sheet was coated 
with a 10 μm thick urethane acrylate coating (Sample FS-IR-01). This was then laser processed at 0.2 
KHz repetition rate, 1064 nm wavelength, 200 mm/s laser mark speed, 15 μm raster spacing and 3 
passes, over a 5mm x 5mm area. Focus variation microscopy was carried out on the sample, and is 
presented in Figure 5-5. 
 
 
Figure 5-5 - 3D focus variation microscopy of laser processed urethane acrylate coated copper 
sheet (FS-IR-01). On the left is an untreated area, and on the right is a section of the laser treated 
area. 
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The urethane acrylate was removed and a layer of blackening remained on the laser treated area. 
This area was analysed using XPS, detailed in section 5.5.8. 
5.5.8 Surface chemistry 
XPS was carried out on the flat sample first. The analysis spot was placed directly in the centre of the 
treated area. The survey spectrum is shown in Figure 5-6 and the high resolution C 1s spectrum is 
shown in Figure 5-7. 
 
 
Figure 5-6 - XPS survey spectrum of sample FS-IR-01 after laser stripping. 
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Figure 5-7 - High resolution XPS C 1s spectrum of flat copper sheet after laser treatment. 
Table 5-16 – Surface concentrations by XPS of laser stripped sample FS-IR-01. 
Element C 1s Cl 2p Cu 2p3/2 O 1s 
At. % 29.68 4.55 32.81 32.96 
XPS was conducted on Sample D-IR10 (1064 nm, raster spacing 75 μm, mark speed 112.5 mm s-1, 0.2 
MHz). Analysis was performed on an area that had not been treated, and on an area that had been 
laser irradiated. The positions of these areas are depicted in Figure 5-8. Note that the X-ray spot 
irradiated some of the remaining coating, so this would affect the obtained spectra. Detection of 
copper would confirm that the coating was fully removed down to the copper core. 
 
Figure 5-8 - position of XPS analyses performed on sample D-IR10 
The peak table for both the treated and untreated areas is given in Table 5-17. The survey spectra of 
the untreated area and the treated area are given in Figure 5-9 and Figure 5-10 respectively. 
 
X-Ray spot radius 50 μm 
 
Untreated 
Treated 
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Figure 5-9 - XPS survey spectrum of sample D-IR10 before laser stripping 
 
Figure 5-10 - XPS survey spectrum of sample D-IR10 after laser stripping 
Table 5-17 - Surface concentrations by XPS of untreated and treated areas of Sample D-IR10. 
Element C 1s O 1s Cl 2p Si 2p Cu 2p3/2 N 1s 
Untreated At. % 78.28 18.54 0.74 2.44 0 0 
Treated At. % 59.46 16.66 6.63 0 32.81 3.31 
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High resolution XPS of the C1s spectrum of sample D-IR10 is shown in Figure 5-11. The spectrum 
represents the presence of adventitious carbon contamination. 
 
 
Figure 5-11 - High resolution XPS Cu 2p spectrum of sample D-IR10 after laser stripping.  
 
Figure 5-12 - High resolution XPS Cu 2p spectrum of sample D-IR34 after laser stripping. 
Analysis of the Cu 2p doublet, depicted in Figure 5-11, shows the Cu 2p1/2 peak at around 951 eV and 
the Cu 2p3/2 peak at around 931 eV. This suggests that the copper is in elemental form. Oxidised 
copper in the form of CuO is characterised by an additional strong satellite peak at a binding energy 
of around 942 eV. However, Cu2O does not exhibit the satellite peak at 942 eV so it is possible that 
there may have been some Cu2O on the surface. The absence of the satellite peaks in the high 
resolution analysis indicates that the blackening on the copper surface was not oxidised copper, but 
was of a carbonaceous origin. This is supported by the C 1s spectrum which suggests the presence of 
adventitious carbon contamination. 
Analysis of Sample D-IR34 was performed to ascertain whether the blackening formed after multiple 
passes was still carbon, as before on sample D-IR10, or whether the increased number of passes had 
changed the mechanism to oxidation, forming a black CuO layer. Figure 5-12 shows the Cu 2p high 
resolution spectrum and suggests that the blackening was still carbonaceous in nature. The satellite 
peak at 942 eV that would suggest that CuO was absent. 
The Influence of Laser Parameters on the Surface Processing of Materials 
108 
 
5.5.9 Electrical continuity 
Continuity tests were performed on the most successfully stripped samples, namely D-IR10, D-IR34 
and D-IR35. The results are presented in Table 5-18. 
Table 5-18 - Electrical continuity tests on untreated and laser stripped dummy fibres. 
Sample Electrical resistance (Ω) 
Untreated dummy fibre > 40 
D-IR10 0.3 0.3 0.3 
D-IR34 0.2 0.2 0.2 
D-IR35 0.2 0.2 0.2 
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5.6 Observations from laser stripping of Powerweave dummy fibres 
Laser stripping experiments were performed on the dummy fibres. Parameters were changed to 
investigate their influence on the efficiency of the coating removal, namely laser mark speed, raster 
spacing, pulse repetition rate, sample angle, number of laser passes and laser wavelength. 
Successful stripping was found with a laser mark speed of 150 mm s-1, raster spacing of 15 μm, a 
pulse repetition rate of 200 kHz, a sample angle of 90°, 3 passes and a laser wavelength of 1064 nm. 
Focus variation microscopy was performed on the treated samples, and it was determined that 
coating removal was possible, but also that certain process settings induced a blackening of the 
underlying copper fibre. This occurred in some cases without coating removal. This suggested that 
the laser stripping process began at the interface of the copper and urethane acrylate, rather than a 
more straight-forward ablation originating from the closest surface to the laser and ablating toward 
the copper core. This is a phenomenon introduced in Chapter 2, namely laser induced plasma 
assisted ablation (LIPAA).  
As the sample angle was increased, the coating removal progressed from a trench in the centre of 
the fibre, to a complete removal of the coating over half the circumference of the copper fibre. The 
blackening of the copper surface was also decreased at the optimised settings. Rotating the sample 
appears to have changed the way in which the coating was removed. 
Figure 5-13 illustrates the change in mechanism as the sample is rotated. When the sample is at 0°, 
the laser rasters travel perpendicular to the fibre length. This means that the plasma formed on the 
surface of the fibre shields the fibre from subsequent laser pulses. In addition, the direction of shock 
applied to the surface of the copper core creates a tension/compression wave, providing very little 
opportunity for the coating to be ejected other than directly into the laser beam. Ejected material 
shields the fibre from the subsequent laser pulses and the laser beam supplies energy to the newly 
developed blackbody, increasing the plasma formation at this point.   
In contrast, when the sample is placed at a 90° angle, the first laser raster to hit the fibre does so at 
the very edge of the fibre and proceeds along the length of the fibre. The direction of shock applied 
creates a shear force between the copper core and the urethane acrylate layer. The induced plasma 
on the copper core is evacuated away from the incoming laser pulses, resulting in a lower plasma 
shielding effect. As the laser rasters across the width of the fibre, the blackbody described at a low 
sample angle is not as prominent, and the energy of the laser is more effectively delivered to the 
copper/urethane acrylate interface. This results in a more successful coating removal. 
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XPS was conducted on the samples which showed coating removal, and also spectra were taken of 
the blackened areas on the copper surface. The confirmation that the blackened areas were not CuO 
and were carbonaceous in nature supports the suggestion that LIPAA is occurring (the plasma 
generated at the interface progresses the thermal decomposition of the urethane acrylate).  
 
Figure 5-13 - schematic illustrating the difference between a 0° sample angle and 90° sample 
angle, particularly of the location of the initial point of laser incidence on the fibre. 
Increasing the raster length on sample D-IR35 resulted in a cleaner copper surface and more 
successful stripping or the urethane acrylate. It is suggested that increasing the raster length 
increases the length of time between raster start points, and therefore allows more time for each 
point on the fibre to dissipate any accumulated plasma or ejected vapour. When the laser returns to 
the start point for the subsequent raster, 10 μm from the previous start point, the incident laser 
pulses are faced with less shielding and the laser energy is more efficiently transferred to the 
copper/urethane acrylate interface. This effect was positive, as the final Powerweave fibres were 
intended to be stripped along a length of 2 cm, compared with the 3-4 mm stripped in each 
experiment due to limited sample material. 
The XPS analysis suggested that the coating was successfully removed via laser stripping. The survey 
spectra and accompanying composition table for the flat copper sheet FS-IR-01 in Figure 5-6 and 
Table 5-16 show that there was a high amount of copper present within the top 5-6 nm of the 
sample surface, and a degree of carbon contamination. The high resolution C 1s spectrum in Figure 
5-7 shows a distinct C-C peak at around 285 eV, with 2 additional peaks at around 286.3 eV and 
288.5 eV. These are characteristic of C-O and C=O, and are in fitting with adventitious carbon 
contamination, supported by the presence of 33% oxygen. With these spectra it can be deduced that 
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the copper was successfully exposed by the laser stripping process and a layer of carbon 
contamination in the form of C-C, C-O and C=O remained.  The XPS analysis of FS-IR-01 showed 4.6% 
Cl on the surface. This was not consistent with handling contamination as there was no sodium or 
potassium present to indicate NaCl or KCl contamination from human contact. It is suggested that 
the Cl was present as organically bound chlorine in the form of C-Cl. 
XPS analysis was then conducted on a stripped fibre sample, sample D-IR10. The analysis spot size 
was reduced to 50 μm, to ensure that all analysis was contained within the boundaries of the fibre. 
The survey spectra of sample D-IR10 on an untreated area and a stripped area in Figure 5-9 and 
Figure 5-20 respectively clearly show that copper is not detected on the untreated area, and is 
detected after laser stripping. The analysis of the untreated area of sample D-IR10 revealed a 
dominant 78.3% C 1s in Table 5-17. This was expected as the polymer coating was fully present in 
this area. The presence of oxygen within both polymers was also represented by the presence of 
18.54% O 1s. 
The analysis of the treated area revealed differences from the untreated area. C1s was still present, 
albeit in a smaller amount, 59.46%. The O1s decreased to 16.66%. One must be careful with these 
values, as the XPS analysis spot was not contained within the boundary of the treated area (see 
Figure 5-8). As a result, the coating would still be present and show up in the analysis. 
Cu2p3/2 was detected at 32.81%. This indicated that copper was present in the top 5-6 nm of the 
sample, and as a result, indicated that the polymer coating had been successfully removed. 
Finally, electrical continuity measurements on the successfully stripped samples, given in Table 5-18 
determined that there was a successful connection established on all samples which had copper 
exposed via laser stripping. Samples D-IR34 and D-IR35 had a resistance of 0.2 Ω, compared with 0.3 
Ω for sample D-IR10 and above 40 Ω (the maximum resistance that the multimeter will record as a 
successful electrical connection) for an untreated length of dummy fibre. This was sufficient to meet 
the requirements of the Powerweave project with regards to stripping of the preliminary dummy 
fibres. 
In the next chapter, a description and discussion of laser stripping of the Powerweave energy 
storage fibres is presented.  
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6 Laser stripping of Powerweave energy storage fibres 
6.1 Introduction 
As described in Chapter 5, the HYLASE-25-SHG had been sourced, purchased, installed and used 
successfully to strip dummy fibres containing two of the key materials in the final PV fibre structure. 
The next progression was onto the final energy storage fibres. Progress on the energy storage fibres 
within the Powerweave project was more advanced than on the PV fibres, they had been 
manufactured on a small batch scale by one of the consortium partners and were available for 
testing. This provided an opportunity to conduct stripping experiments on these energy storage 
fibres using the HYLASE-25-SHG. The aim of the experiments was to find laser processing parameters 
which achieved full copper exposure within the treated area. 
6.2 Structure of energy storage fibres 
The energy storage fibres comprised of a 100 μm copper core, with a 10 μm carbon layer, a 10 μm 
PVA-based electrolyte, a second 10 μm carbon layer, a 10 μm layer of silver paint, and finally a 10 
μm layer of transparent urethane acrylate. 
6.3 Laser ablation of energy storage fibres 
6.3.1 Infra red wavelength – scan speed and repetition rate variation 
From the experiments performed on the dummy fibres in Chapter 5, it was decided to keep a 90° 
sample angle for all further experiments, because of the degree of stripping improvement. The first 
set of experiments on the energy storage fibres was conducted to investigate the effect of scan 
speed variation. Scan speed was varied in 4 steps from 1000 mm s-1 down to 400 mm s-1, at 
repetition rates of 500 kHz, 1 MHz, 200 kHz and 100 kHz. Each of the 4 scanning speed settings was 
run at each repetition rate. 
Each experiment was conducted at 1064 nm wavelength, 1 pass, 15 μm raster spacing, and a 90° 
sample angle to the horizontal. The laser parameters are given in Table 6-1 and the pule repetition 
rates used on each successive set of experiments are given in Table 6-2. 
Focus variation microscopy images were taken of the processed fibres and studied to investigate the 
amount of coating removed. The focus variation microscopy technique is described in Chapter 3. 
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Table 6-1 – Laser parameters used for samples ES-IR-006 to ES-IR-009 
Sample λ (nm) 
Mark speed  
(mm s-1) 
Passes Raster Spacing 
(μm) 
Sample angle to 
horizontal (°) 
ES-IR-006 1064 1000 1 15 90 
ES-IR-007 1064 800 1 15 90 
ES-IR-008 1064 600 1 15 90 
ES-IR-009 1064 400 1 15 90 
 
Table 6-2 – indication of pulse repetition rate variation from Table 6-3 to Table 6-6. 
Table Pulse repetition rate 
Table 6-3 500 kHz 
Table 6-4 1 MHz 
Table 6-5 200 kHz 
Table 6-6 100 kHz 
 
Table 6-3 - Focus variation microscopy images of energy storage fibres processed at 500 kHz pulse 
repetition rate, 1064 nm wavelength, 1 pass, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-IR-006 - 1000 mm s-1 
 
ES-IR-007 - 800 mm s-1 
 
ES-IR-008 - 600 mm s-1 
 
ES-IR-009 - 400 mm s-1 Sample was cut 
Table 6-3 shows the set of experiments performed at 500 kHz repetition rate, with mark speed 
varying from 100 mm s-1 to 400 mm s-1. As scanning speed decreases, the amount of coating removal 
increases. ES-IR-006 shows some urethane acrylate and silver removal from patches along the fibre, 
and when the scanning speed is decreased, the area of removal increases, and the layer of carbon is 
also removed to greater extent, as shown in samples ES-IR-007 and ES-IR-008. At a scanning speed to 
400 mm s-1, the sample was completely cut in half, thus no microscopy was performed on this 
sample. 
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Table 6-4 - Focus variation microscopy images of energy storage fibres processed at 1 MHz pulse 
repetition rate, 1064 nm wavelength, 1 pass, 15 μm raster spacing, and a 90° sample angle to the 
horizontal.. 
Sample Image 
ES-IR-010 - 1000 mm s-1 
  
ES-IR-011 - 800 mm s-1 
  
ES-IR-012 - 600 mm s-1 
 
 
ES-IR-013 - 400 mm s-1 
  
Table 6-4 shows the 4 samples processed (ES-IR-010 to ES-IR-013) from 1000 mm s-1 down to 400 
mm s-1 mark speed, at a repetition rate of 1 MHz. Compared with the experiments at 500 kHz, there 
is a larger amount of urethane acrylate and silver removal. However, with decreasing scanning 
speed, the amount of carbon removal is lower than at 500 kHz. ES-IR-013, with a scanning speed of 
400 mm s-1, shows a small amount of copper core exposure, but this is less than at 500 kHz and 600 
mm s-1. 
Table 6-5 - Focus variation microscopy images of energy storage fibres processed at 200 kHz pulse 
repetition rate, 1064 nm wavelength, 1 pass, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-IR-016 - 1000 mm s-1 
 
 
ES-IR-017 - 800 mm s-1 
 
 
ES-IR-018 - 600 mm s-1 
 
 
ES-IR-019 - 400 mm s-1 
 
 
The samples shown in Table 6-5, from ES-IR-016 at 1000 mm s-1 to ES-IR-019 at 400 mm s-1, were 
processed at 200 kHz repetition rate. At all speeds, the laser was able to remove down to the copper 
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layer, but as with previous experiments, decreasing the speed results in an increase in material 
removal. 
Table 6-6 - Focus variation microscopy images of energy storage fibres processed at 100 kHz pulse 
repetition rate, 1064 nm wavelength, 1 pass, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-IR-020 – 1000 mm s-1 
 
 
ES-IR-021 – 800 mm s-1 
 
 
ES-IR-022 – 600 mm s-1 
 
 
ES-IR-023 – 400 mm s-1 
 
 
Table 6-6 displays focus variation images of identical experiments to the previous three experiments, 
performed at 100 kHz repetition rate. Material removal is more sporadic than at 500 kHz, and 
reducing the speed to 400 mm s-1 increases the amount of copper exposure, but not to the same 
degree as the experiments performed at 200 kHz and 500 kHz. 
Overall, infra red laser stripping of the energy storage fibres with a single laser pass did not meet the 
required amount of copper exposure. The next stage of experiments investigated the use of 2 laser 
passes per sample. 
 
6.3.2 Infra red wavelength – multiple passes 
The experiments in this section centred around comparing the difference between a single pass over 
the sample, and a double pass where the laser scanning programme is repeated identically over the 
same area with the same parameters, immediately after the first pass. 
Each of the tables in this section provides a comparison between the samples in Table 6-3 with a 
single laser pass, and the samples with 2 laser passes at identical process parameters. Table 6-8 to 
Table 6-11 show focus variation microscopy images of samples processed at identical parameters, 
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with each successive Table reducing in laser mark speed by 200 mm s-1 each time. The parameters 
varied in the comparison tables are given in Table 6-7. 
Table 6-7 - Indication of the parameters varied in Table 6-8 to Table 6-11. 
Table Laser mark speed (mm s-1) Pulse repetition rate 
Table 6-8 1000 500 kHz 
Table 6-9 800 1 MHz 
Table 6-10 600 200 kHz 
Table 6-11 400 100 kHz 
 
Table 6-8 - Focus variation microscopy images of energy storage fibres processed at 500 kHz pulse 
repetition rate, 1000 mm s-1, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle 
to the horizontal. 
Sample Image 
ES-IR-006 – 1 pass 
  
ES-IR-024 – 2 passes 
  
Table 6-8 shows the focus variation microscopy images of the samples processed at 1000 mm s-1. It is 
shown clearly that a second pass results in a higher total amount of material removal. 1000 mm s-1 
remains too fast to achieve total copper exposure, however. 
Table 6-9 - Focus variation microscopy images of energy storage fibres processed at 1 MHz pulse 
repetition rate, 800 mm s-1, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle to 
the horizontal. 
Sample Image 
ES-IR-007 - 1 pass 
 
 
ES-IR-025 - 2 passes 
 
 
In Table 6-9, which shows the samples processed at 800 mm s-1, a further increase in material 
removal is evident. ES-IR-025 shows almost 100% removal of the silver layer within the treated area, 
though some carbon layer remains on the copper surface. 
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Table 6-10 - Focus variation microscopy images of energy storage fibres processed at 200 kHz pulse 
repetition rate, 600 mm s-1, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle to 
the horizontal. 
Sample Image 
ES-IR-008 - 1 pass 
 
 
ES-IR-026 - 2 passes 
 
 
Table 6-10, which reports the samples processed at 600 mm s-1, does not show a similar trend to the 
higher speeds, where a second pass results in more material removal. It is suggested that this is due 
to the uneven thickness of the coating and not a function of process parameters. Similarly, in Table 
6-11, the sample at 400 mm s-1 (ES-IR-009), was cut, and the sample which received a second pass at 
identical parameters, ES-IR-027 was not cut and achieved 100% removal of the silver coating, with 
some carbon layer remaining. This is again suggested to be a result of the uneven coating thickness 
across the length of the provided sample material. 
Table 6-11- Focus variation microscopy images of energy storage fibres processed at 100 kHz pulse 
repetition rate, 400 mm s-1, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle to 
the horizontal. 
Sample Image 
ES-IR-009 – 1 pass Sample was cut 
ES-IR-027 – 2 passes 
 
 
The results presented in this section show quite clearly that a second pass is more beneficial to the 
total material removal of the energy storage fibres. Hence, it was not necessary to continue 
comparing single pass with double pass. The following sections do not compare a double pass with a 
single pass. Instead, each table depicts results using a variation of scanning speed, all with 2 laser 
passes. In the next set of experiments the repetition rate was changed to 200 kHz and the scanning 
speed was varied in each sample from ES-IR-032 to ES-IR-035. 
Samples ES-IR-032 – ES-IR-035 were processed at 200 kHz repetition rate, maintaining all other 
parameters identical except for a variation in laser scanning speed. These are shown in Table 6-12.  
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Table 6-12 - Focus variation microscopy images of energy storage fibres processed at 200 kHz pulse 
repetition rate, 2 passes, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle to 
the horizontal. 
Sample Image 
ES-IR-032 – 1000 mm s-1 
 
 
ES-IR-033 – 800 mm s-1 
 
 
ES-IR-034 – 600 mm s-1 
 
 
ES-IR-035 – 400 mm s-1 
 
 
 
At 200 kHz, 100% copper exposure is achieved at 600 mm s-1 and 400 mm s-1.  Decreasing laser 
scanning speed results in greater material removal and copper exposure. 
The general trend of increasing material removal with decreasing material removal remains when 
the samples are processed at 100 kHz with a double laser pass.  Table 6-13 shows the samples ES-IR-
036 to ES-IR-040. These samples were all treated with a pulse repetition rate of 100 kHz, and the 
scanning speed was varied from 1000 mm s-1 to 200 mm s-1. It is shown that 100% copper removal is 
achieved at 200 mm s-1. Faster speeds resulted in some material removal but the process was 
required to be run at 200 mm s-1 in order for successful copper exposure within the treated area. 
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Table 6-13 - Focus variation microscopy images of energy storage fibres processed at 100 kHz pulse 
repetition rate, 2 passes, 1064 nm wavelength, 15 μm raster spacing, and a 90° sample angle to 
the horizontal. 
Sample Image 
ES-IR-036 – 1000 mm s-1 
 
ES-IR-037 – 800 mm s-1 
 
ES-IR-038 – 600 mm s-1 
 
ES-IR-039 – 400 mm s-1 
 
ES-IR-040 – 200 mm s-1 
 
 
6.3.3 Infra red wavelength experiments summary 
It has been shown that 100% coating removal can be achieved with infra-red radiation with 2 passes, 
200 kHz repetition rate at 400 mm s-1 and 100 kHz repetition rate at 200 mm s-1. Using a repetition 
rate higher than 200 kHz did not result in 100% copper exposure and as such were unsuccessful. The 
uneven coating thickness also played a role in the total copper exposure, and a number of samples 
were cut, most likely in areas where the overall thickness of the energy storage fibre was small.  
In summary, 100% coating removal was achieved but the infra red wavelength was sensitive to 
changes in overall thickness. The next section, details similar experiments performed with the green 
wavelength (532 nm) laser. Experiments with the green laser were performed to investigate whether 
it would be more successful at stripping the energy storage fibres. 
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6.3.4 Green wavelength – scan speed and repetition rate variation 
In this section of experiments, the laser wavelength was changed to 532 nm and the previous sets of 
experiments were repeated, beginning with scan speed variation with a single pass, and then 
investigating scan speed variation at various repetition rates with a double pass.  
Table 6-14 - Focus variation microscopy images of energy storage fibres processed at 500 kHz pulse 
repetition rate,  1 pass, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-001 – 800 mm s-1 
(coating weakened and 
scalpel removed) 
 
 
ES-G-002 – 600 mm s-1  
(coating weakened and 
scalpel removed) 
 
 
ES-G-003 – 400 mm s-1 
 
 
ES-G-004 – 200 mm s-1 
 
 
Table 6-14 shows the first set of green wavelength laser stripping experiments, at 500 kHz repetition 
rate. ES-G-001 and ES-G-002 did not result in initial coating removal. However, it was noted that the 
coating had been modified and a scalpel was used to gently remove the coating from the copper 
core. This was achieved very easily and indicated that the copper/carbon interface was affected by 
the laser beam, but not enough to completely remove the coating. As seen with the infra red 
experiments, a decreasing scanning speed results in greater coating removal. 
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Table 6-15 - Focus variation microscopy images of energy storage fibres processed at 1 MHz pulse 
repetition rate,  1 pass, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-005 – 800 mm s-1 
 
 
ES-G-006 – 600 mm s-1 No effect observed 
ES-G-007 – 400 mm s-1 
(coating weakened and 
scalpel removed) 
 
 
At 1 MHz, presented in Table 6-15, there was no discernible effect on the fibre at 800 mm s-1 and 
600 mm s-1. The black areas on ES-G-005 are not areas of carbon exposure. They are areas of the 
coating that were outside the limits of the microscopy z-range. 
ES-G-007 and ES-G-008 were modified by the laser enough to remove the coating at the 
copper/carbon interface with a scalpel, as with ES-G-001 and ES-G-002. 
Table 6-16 - Focus variation microscopy images of energy storage fibres processed at 200 kHz pulse 
repetition rate,  1 pass, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-009-012 – 800 -
200 mm s-1 
Observed no change to coating 
ES-G-013 – 100 mm s-1 
 
 
ES-G-014 – 50 mm s-1 
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At 200 kHz (Table 6-16), no change was observed from 800 mm s-1 to 200 mm s-1 scanning speed. It 
was decided to run two further experiments at 100 mm s-1 and 50 mm s-1. at 50 mm s-1, 100% copper 
exposure was achieved within the treated area. 
Table 6-17 - Focus variation microscopy images of energy storage fibres processed at 100 kHz pulse 
repetition rate,  1 pass, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-015-018 – 1000 
mm s-1 – 400 mm s-1 
Observed no change to coating 
ES-G-019 – 200 mm s-1 
 
 
ES-G-020 – 100 mm s-1 
 
 
ES-G-021 - 50 mm s-1 
 
 
At 100  kHz (Table 6-17), a speed of 50 mm s-1 was require din order to achieve greater than 50% 
coating removal. 100% coating removal was not achieved. 
In summary, 100% coating removal was achieved the green wavelength in a single pass, but 50 mm 
s-1 scan speed was required. 
6.3.5 Green wavelength – multiple passes 
The final set of laser stripping experiments was performed using 2 passes per sample. Repetition 
rate vas varied from 1 MHz to 100 kHz as per the previous stripping experiments, and scan speeds 
were varied between 800 mm s-1 and 50 mm s-1. Focus variation microscopy images were taken of 
the laser treated areas.  
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Table 6-18 - Focus variation microscopy images of energy storage fibres processed at 500 kHz pulse 
repetition rate,  2 passes, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-021 - -800 mm s-1 
 
 
ES-G-022 – 600 mm s-1 
 
 
ES-G-023 – 400 mm s-1 
 
 
ES-G-024 – 200 mm s-1 
 
 
ES-G-025 – 100 mm s-1 
  
ES-G-026 – 50 mm s-1 
 
 
Table 6-18 shows the first set of green wavelength multiple pass experiments at 500 kHz. There was 
a notable increase in the amount of exposed copper as the laser scanning speed decreased, and 
100% copper exposure was achieved at 200 mm s-1, on sample ES-G-024. At speeds slower than 200 
mm s-1, as indicated by ES-G-025 and ES-G-026, there appeared to be a re-introduction of a 
blackening of the surface. This was later investigated by XPS, as detailed later in this chapter. 
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Table 6-19 - Focus variation microscopy images of energy storage fibres processed at 1 MHz pulse 
repetition rate,  2 passes, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-027 – 800 mm s-1 
 
 
ES-G-028 – 600 mm s-1 
 
 
ES-G-029 – 400 mm s-1 
 
 
ES-G-030 200 mm s-1 
 
 
ES-G-031 100 mm s-1 
 
 
ES-G-032 50 mm s-1 
 
 
Table 6-19 shows the second set of multiple pass experiments at the green wavelength, at 1MHz 
repetition rate. A similar trend of increasing copper exposure with reducing scanning speed is 
evident, and the re-blackening effect also occurred below 200 mm s-1. 
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Table 6-20 - Focus variation microscopy images of energy storage fibres processed at 200 kHz pulse 
repetition rate,  2 passes, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-033 – 800 mm s-1 
 
 
ES-G-034 – 600 mm s-1 
 
 
ES-G-035 – 400 mm s-1 
 
 
ES-G-036 200 mm s-1 
 
 
ES-G-037 100 mm s-1 
 
 
ES-G-038 50 mm s-1 
 
 
Table 6-20 shows the third set of experiments, similar to the two previous experiments, but at 200 
kHz repetition rate. In these experiments, full copper exposure was again achieved at speeds below 
200 mm s-1 (the images for ES-G-036 and 037 show the fibres rotated at approximately 90° to the 
angle of laser incidence), but the re-blackening only occurred at 50 mm s-1. 
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Table 6-21 - Focus variation microscopy images of energy storage fibres processed at 100 kHz pulse 
repetition rate,  2 passes, 532 nm wavelength, 15 μm raster spacing, and a 90° sample angle to the 
horizontal. 
Sample Image 
ES-G-039 – 800 mm s-1 
 
ES-G-040 – 600 mm s-1 
 
ES-G-041  -400 mm s-1 
 
ES-G-042 – 200 mm s-1 
 
ES-G-043 – 100 mm s-1 
 
 
ES-G-044 – 50 mm s-1 
 
 
 
Table 6-21 shows the final energy storage fibre laser stripping experiment. Full copper exposure was 
achieved at 200 mm s-1 and no re-blackening occurred, even at the 50 mm s-1 laser scan speed. 
 
The Influence of Laser Parameters on the Surface Processing of Materials 
127 
 
6.3.6 Green wavelength experiments summary 
The green wavelength experiments showed that laser stripping of the energy storage fibres was 
more consistent with the green laser. None of the samples were cut, in contrast to the infra-red 
where several samples were cut in half.  All of the experiments showed a progressive increase in 
copper exposure with decreasing laser scanning speed. The green laser appeared to be less 
influenced by the inconsistencies in the coating thickness of the fibres. 
6.3.7 Analysis of edge of stripped area of energy storage fibres 
In order to assess the condition of the coating materials and the copper core of the stripped fibres, 
samples ES-IR-040 and ES-G-043 were cut with a razor blade and analysed via SEM. Images were 
taken down the length of the fibre, aiming the edge of the treated area to analyse the remaining 
coating in a pseudo-cross section. The SEM image for sample ES-IR-040 is shown in Figure 6-1 and 
sample ES-G-043 is shown in Figure 6-2. 
 
Figure 6-1 – SEM image of sample ES-IR-040, taken in backscatter mode 
Sample ES-IR-040 shows the exposure of the core copper conductor, along with the carbon layer, 
and the PVA layer, which was more difficult to see via focus variation microscopy. The PVA appears 
to have melted and flowed out from the gap in between the adjacent carbon layers. This was 
beneficial, as the covering of the carbon layers with the PVA ensured that they did not contact each 
other and cause a short circuit, rendering the fibre useless for its intended application. There was 
some carbon remaining on the stripped area of the fibre, indicating that a higher number of pulses 
per area may have been needed to achieve full copper exposure in this area. 
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Figure 6-2 - SEM image of sample ES-G-043, taken in backscatter mode 
Sample ES-G-043 shows exposure of the copper core conductor, with no carbon remaining on the 
stripped area. The silver layer on this sample had moved into contact with the copper conductor. 
This did not affect the electrical continuity measurements, but when considering the laser stripping 
process for eventual mass production scales, careful consideration of this kind of feature must be 
considered and minimised. Silver contact with the copper may result in a short circuit, which would 
negatively affect the ability of the Powerweave fibres to connect in an electrical circuit. 
6.3.8 Surface chemistry of laser stripped energy storage fibres 
XPS analysis was undertaken on one sample from the infra red stripping experiments, and one 
sample from the green stripping experiments. Samples were selected which had total copper 
exposure as recorded via focus variation microscopy. Sample ES-IR-040 and ES-G-043 were selected. 
Table 6-22 shows the surface composition of elements detected on sample ES-IR-040. Figure 6-3 
shows the survey spectrum of sample ES-IR-040 after laser stripping and Figure 6-4 shows the high 
resolution Cu 2p spectrum of ES-IR-040, which shows copper to be in the Cu0 and Cu+ states. Figure 
6-5 shows the focus variation microscopy image of ES-IR-040, provided for reference. 
Table 6-22 - XPS peak table of sample ES-IR-040 after laser stripping  
Element C 1s Na 1s Cu 2p3/2 O 1s 
At. % 54.1 4.5 10.5 25.9 
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Figure 6-3 - XPS survey spectrum of sample ES-IR-040 after laser stripping. 
 
 
 
Figure 6-4 - XPS high resolution Cu 2p spectrum of sample ES-IR-040 after laser stripping 
 
Figure 6-5 - Focus variation microscopy image of sample ES-IR-040 after laser stripping, examined 
by XPS in Table 6-22, Figure 6-3 and Figure 6-4 
The XPS analysis of ES-IR-040 shows that copper was exposed by the laser processing, as revealed by 
the 10.5% Cu contribution in Table 6-22. Carbon and oxygen were detected at 54.1% and 25.9% 
respectively, and a small amount of sodium (4.5%) was recorded on the sample. The Cu 2p high 
resolution spectrum in Figure 6-4 showed that there was no CuO on the sample, in a similar way to 
the XPS analysis of the dummy fibres in chapter 5.  
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The XPS peak table, survey spectrum and high resolution spectrum of ES-G-043 is given in Table 
6-23, Figure 6-6 and Figure 6-7 respectively.  
Table 6-23 - XPS peak table of sample ES-G-043 after laser stripping 
Element C 1s Na 1s Cu 2p3/2 O 1s Ag 3d 
At. % 65.3 5.1 8.8 19.4 1.4 
 
 
Figure 6-6 - XPS survey spectrum of sample ES-G-043 after laser stripping 
 
Figure 6-7 - XPS high resolution Cu 2p spectrum of sample ES-G-043 after laser stripping 
 
Figure 6-8 - Focus variation microscopy image of sample ES-IR-040 after laser stripping, examined 
by XPS in Table 6-23, Figure 6-6 and Figure 6-7. 
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The XPS analysis of the stripped ES-G-043 sample revealed similar features as with ES-IR-040. A large 
amount of carbon and oxygen was detected (65.3% and 19.4%), along with sodium (5.1%) and 
importantly copper (8.8 %), showing the copper was indeed exposed by the laser treatment. The 
main difference between the XPS analyses of ES-IR-040 and ES-G-043 was the detection of silver at 
1.4%. This was almost certainly the detection of silver from the silver layer of the energy storage 
fibre. It is suggested that a small amount of silver was left on the fibre and was within the XPS 
analysis spot. 
6.3.9 Electrical continuity 
Continuity tests were performed on the most successfully stripped samples, namely ES-IR-040 and 
ES-G-043. This was done using the electrical continuity test described in Section 5.4.2. The results 
are presented in Table 5-18. 
Table 6-24 - Electrical continuity tests on untreated and laser stripped energy storage fibres 
Sample Electrical resistance (Ω) 
Untreated energy storage fibre > 40 
ES-IR-040 0.3 0.2 0.3 
ES-G-043 0.2 0.3 0.3 
  
The electrical continuity measurements of both ES-IR-040 and ES-G-043 indicate successful electrical 
connection to both energy storage fibres. This is in contrast to an untreated energy storage fibre 
which was recorded as having an electrical resistance of greater than 40 Ω, the upper limit of the 
measurement range. 
 
6.4 Observations from laser stripping of Powerweave energy storage 
fibres 
Laser stripping experiments were performed on the energy storage fibres. Experience gained from 
the stripping of the dummy fibres, specifically the optimal laser raster spacing and sample angle, was 
used to allow a greater variation of the remaining parameters, namely laser mark speed, pulse 
repetition rate, number of laser passes and laser wavelength. The laser stripping process for the 
energy storage fibres was more robust than the process for the dummy fibres in chapter 5, as 
complete copper exposure was achieved from 200 mm s-1 laser mark speed and below for all pulse 
repetition rates, at 2 laser passes.  
Focus variation microscopy was performed on the treated samples, and it was determined that 
coating removal was possible, but also that certain process settings induced a blackening of the 
underlying copper fibre, in an identical fashion to the dummy fibres. However, in the case of the 
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energy storage fibres, it was determined that the laser beam did not transmit in the same way 
through the coated layers to the copper core and initiate ablation via LIPAA, as described in chapter 
2 and demonstrated in chapter 5. This is due to the evidence of the carbon layer remaining after 
overlying silver removal, such as in sample ES-IR-027 and ES-IR-028 (Table 6-10 and Table 6-11). This 
is apparently true with the samples that were processed with the infra red laser. However, a number 
of the samples processed with the green laser did not exhibit full coating removal, but were 
discovered to have a weakened copper/carbon interface and the entire coating system was removed 
very easily with a scalpel blade (for example, see ES-G-001 in Table 6-14). 
The XPS analysis of the energy storage fibres ES-IR-040 and ES-G-043 suggested that the coating was 
successfully removed via laser stripping. The survey spectra and accompanying composition table for 
the both samples in Figure 6-3, Figure 6-6, Table 6-22 and Table 6-23 show that there was an 
amount of copper present within the top 5-6 nm of the sample surface, and a degree of carbon 
contamination. With these spectra it can be deduced that the copper within the energy storage 
fibres was successfully exposed by the laser stripping process. 
Finally, electrical continuity measurements on the successfully stripped samples, given in Table 5-18 
determined that there was a successful connection established on all samples which had copper 
exposed via laser stripping. Samples ES-IR-040 and ES-G-043 had repeated recordings of 0.2Ω and 
0.3Ω and the untreated energy storage fibre was recorded as having an electrical resistance of above 
40 Ω (the maximum resistance that the multimeter will record as a successful electrical connection). 
The work on the Powerweave fibres indicated an alternative interaction mechanism. It was shown 
that when the power intensity was increased to the region of 1011 W cm-2, mechanisms such as 
material vaporisation and ablation occurred. This was indicated by the removal of the coating layers 
from the copper core, in both the dummy fibres and the energy storage fibres. Unlike the surface 
modification work, material was not moved to a different area of the target material after melting; it 
was completely removed from the area of laser incidence. 
It was also noteworthy that the power intensity used during the Powerweave work was high enough 
to ablate not only polymer materials, but also metallics such as silver and copper, the undulations on 
the copper core during the SEM examination of the stripped dummy fibre in chapter 4 indicating the 
ablation of the latter. 
 When the pulse duration reaches below 10 ps, the interaction mechanisms change from photo 
thermal processes. A picosecond laser with a pulse duration of 8 ps was used. When a picosecond 
pulse hits a target material, the electron cloud is rapidly thermalised. Because the duration of the 
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pulse is shorter than the time required for transfer of electron energy to the lattice, the energy 
cannot be dissipated throughout the material quickly enough to proceed towards a melting 
mechanism and a very fast heating of the surface takes place. Because the energy absorption at the 
surface closest to the incident laser beam is high, direct transition to the vapour phase occurs and 
the material is ejected.  
6.5 Target materials and the mechanism of material removal 
During the laser stripping of the Powerweave fibres, different mechanisms of removal between the 
dummy fibres and the energy storage fibres was observed.  
6.5.1 Dummy fibres 
In the case of the dummy fibres, the ablation initiated at the interface between the urethane 
acrylate and the copper core. This can be attributed to the optical transparency of the urethane 
acrylate. The incident laser beam was transmitted through the optically transparent layer onto the 
copper where a combination of absorption, scattering followed by subsequent absorption, and 
reflection occurred. Plasma formation on the surface of the copper caused a change in the 
absorption characteristics of the adjacent urethane acrylate and due to the incubation effect, 
subsequent pulses, both back reflected and incident added to the intensity of the plasma and caused 
material removal via thermalisation. The urethane acrylate was removed but evidence of copper 
removal was also present, as indicated by the SEM images in Chapter 4. This was laser induced 
plasma assisted ablation (LIPAA). This was introduced in Chapter 2. 
6.5.2 Energy storage fibres 
In the case of the energy storage fibres, a similar mechanism of LIPAA occurred on the first layer. The 
laser beam transmitted through the clear urethane acrylate and interacted with the underlying silver 
layer. Absorption, scattering and reflection occurred and removed the urethane acrylate via LIPAA. 
However, due to the thickness of the silver layer, it was completely removed and the underlying 
carbon layer was subjected to incident laser pulses. As the carbon layer was not optically 
transparent, it underwent a more conventional laser ablation process, where the incident pulses 
were absorbed and rapid thermalisation of the electron cloud caused instant vaporisation, exposing 
the underlying copper core. The focus variation microscopy images of the stripped energy storage 
fibres do not show any evidence of copper removal, and this was due to the fact that the laser pulses 
did not transmit straight through to the central layer as was the case with the dummy fibres. 
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6.5.3 Additional considerations regarding the material removal mechanism 
As the pulse duration of the HYLASE-25-SHG was 8 ps, it was very close to the electron-phonon 
coupling time of the target materials (usually around 10 ps). As a result, some latent energy not used 
for rapid thermalisation of the electron cloud would be allowed to transfer to the lattice and some 
heating would have occurred. When this effect was multiplied over hundreds of thousands of pulses 
(due to the repetition rate of the laser being a minimum of 100 kHz), there will have still been some 
thermal effect on the fibres. This was indicated on the dummy fibres by the degradation of some of 
the urethane acrylate layer into adventitious carbon, and again on the energy storage fibres that 
were processed at the slowest mark speeds, seeing more incident pulses per unit area. This was 
suggested by the XPS analysis performed on the stripped fibres that had experienced subsequent 
blackening of the exposed copper. 
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7 Conclusions, industrial exploitation & future work 
7.1 Introduction 
This chapter begins with a review of the initial objectives posed in Chapter 1, followed by the 
conclusions of the work in this document.  
Then, considerations regarding industrial exploitation of the results achieved are discussed, 
specifically regarding which application areas this research would benefit, and which additional 
industry sectors may benefit from the results obtained during this work. 
Finally, ideas for future work will be presented. Ideas for experiments not covered during this work 
which may offer additional information, along with potential future research routes will be 
discussed. 
7.2 Conclusions 
The work conducted during this document has resulted in several conclusions. This document 
presented several objectives for the work in Chapter 1. The initial objectives were: 
 To investigate whether a nanosecond pulsed laser can modify the surfaces of low energy 
polymers, increasing their surface energy and improving adhesion strength. 
 To determine what power density is required to initiate a surface energy increase, if any. 
 To investigate whether a high power density picosecond laser can strip the Powerweave 
fibres, exposing the copper conductor. 
 To determine whether the electrical continuity of the fibres can be maintained should the 
copper exposure prove successful. 
As a result of the work performed, the conclusions are as follows: 
 A nanosecond pulsed laser can be used to increase the surface energy of poly(propylene) 
and poly(etheretherketone), improving their lap shear bond strength as determined by lap 
shear tests. The bond strength improvements were; 
o 110 N to 1246 N in the case of PP 
o 136.3 N to 1888 N in the case of PP 
 The power density required to initiate a significant increase in surface energy (44.9 mJ m-2 to 
72.5 mJ m-2 in the case of PEEK and 32.5 mJ m-2 to 57.5 mJ m-2 in the case of PP)  was 1 x 107 
W mm-2, as confirmed by contact angle analysis. 
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 The high power density picosecond laser was successful in stripping the dummy fibre and 
the energy storage fibre, confirmed by focus variation microscopy and XPS. This was 
achieved with a a wavelength of 532 nm, pulse repetition rate of 100 kHz, 2 passes, a sample 
angle of 90°, and a scanning speed of 100 mm s-1. 
 The electrical continuity of the copper in both the dummy fibres and the energy storage 
fibres was maintained (0.2-0.3Ω), as confirmed by electrical continuity testing. 
7.3 Industrial exploitation 
In this section, ideas for future exploitation of the results achieved in this work are presented. 
7.3.1 Applications for picosecond ablation 
The laser ablation work, due to being carried out as part of a FP7 collaborative project, already has 
some future applications which are ready for exploitation through communication with the end 
users. This is described below. 
7.3.1.1 Powerweave 
The results obtained in the fibre stripping work in Chapter 5 and Chapter 6 are directly applicable to 
the Powerweave FP7 collaborative project. Work is ongoing regarding production and processing of 
the photovoltaic and energy storage fabrics, with potential applications ranging from solar powered 
battery fabrics for airship deployment, agricultural fabrics such as greenhouse shrouding and fruit 
screens, fashionwear, and protective mosquito nets for the Third World which can charge mobile 
phones. 
7.3.2 Applications for surface modification 
The work on surface modification of PP and PEEK has a very large potential for exploitation. A 
selected few are detailed below. 
7.3.2.1 Medical implants 
Medical implants, typically products such as hip replacement implants, cranial implants, spinal discs 
and heart valves are seeing a shift from conventional materials such as titanium (except for the case 
of heart valves, where titanium is not applicable), to polymer materials such as PEEK due to the 
closer match in polymer’s stiffness-to-weight ratio to the material it is intended to replace, than 
titanium. 
Increasing the surface adhesion at key points on the implant, where it is desirable to achieve 
bonding of the body to the implant is of great interest, and from the data obtained in this work, it is 
shown to be possible to greatly increase the surface energy of this typically low surface energy 
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polymer. The laser also offers a degree of precision, so that only areas that are intended to bond to 
the body can do so, and other areas that need to be free from adhesion can be left unchanged. 
7.3.2.2 Pipeline field joints 
The adhesion between the field joint in a pipeline and the polyurethane filler which protects the 
joint is critically important for the lifetime of the joint. Increasing the surface energy of the interface 
between the joint and the filler provides benefits which would increase the lifetime of the joint, and 
reduce maintenance costs. 
7.4 Future Work 
The work detailed in this document covers a range of process parameters for the surface processing 
of a variety of materials. This section details areas of work that would be useful for further 
consideration and experimentation, in order to take the research further or to expand on data 
already collected. 
7.4.1 Laser stripping of completed photovoltaic fibres 
In Chapter 5, it was explained that dummy fibres were provided by the Powerweave partners in 
order to perform laser stripping of the urethane acrylate from copper. Development of the 
completed photovoltaic fibre is still underway, and once they are manufactured, laser stripping trials 
will be performed in order to remove the urethane acrylate in addition to the active photovoltaic 
layers of the finished fibres.  
7.4.2 Laser stripping of Powerweave fibres to only the silver layer 
In this work, trials have focused on stripping down to the inner copper conductor, retaining electrical 
continuity. In order to create an electrical circuit, two connections are required. The first is the 
copper conductor, but a secondary connection must be made to a conductive layer. In terms of the 
photovoltaic fibre, this will be a conducting layer placed just above the active photovoltaic layers. In 
the energy storage fibres, the silver layer represents the secondary conductor. Laser stripping trials 
will be performed to remove the layers above these secondary conductors in order to expose them 
for electrical interconnection. 
7.4.3 Laser stripping of completed Powerweave fabric 
Once the photovoltaic fibres and the energy storage fibres have been stripped successfully both to 
the inner copper conductor and the secondary conductive layers, the final Powerweave fabric will be 
manufactured and woven by the Powerweave partners. This fabric will be laser stripped to expose 
multiple fibres for electrical interconnection, in order to produce a demonstrator fabric for the final 
deliverable of the Powerweave project.  
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7.4.4 Thermocouple on fibre during stripping to measure thermal effect 
During the laser stripping trials, analysis was performed on the exposed copper, and it was 
confirmed that there was no secondary production of copper (II) oxide, and that electrical continuity 
was maintained. An additional experiment to investigate the mechanism of stripping would be to 
connect a thermocouple to a manually stripped part of the fibre, at the end. During the laser 
ablation trials, the change in temperature of the copper could be recorded, and an analysis could be 
performed to determine whether the bulk temperature of the copper has an influence on the 
ablation characteristics of the coated layers and ultimately the ablation mechanism.  
7.4.5 High speed camera to view ablation zone 
A high speed camera pointed at the site of ablation could provide information regarding the plasma 
formation on the copper surface, especially during the dummy fibre stripping trials. This would 
provide more information regarding the interaction of the plasma with the interface between the 
copper and urethane acrylate and document the LIPAA process in more detail. In this work, it has 
been inferred that the LIPAA process was in effect due to the undulations present on the copper 
which could not have been created in any other way. A high speed camera that could view the 
ablation process in high definition would be a valuable addition to the recording of the LIPAA 
process. 
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YAG laser was selected in this work to provide energetic treatment of PEEK surfaces, in order to inves-
tigate its effectiveness in increasing the performance of lap shear adhesive joints. The laser was used to
irradiate the PEEK, by rastering a spot of ca. 1 mm diameter across a large area. The resulting surfaces
were characterised using single lap shear testing, confocal laser scanning microscopy, contact angle
analysis, FT-IR, XPS and ToF-SIMS. Single lap shear testing of PEEK joints showed that the strength of
adhesively bonded joints is greatly improved by laser treatment, up to 13 times that of untreated PEEK.
Confocal laser scanning microscopy showed that the higher laser power intensities (Z107 Wmm2)
disrupted the surface of the PEEK more than the lower laser power intensities (o107 Wmm2), but also
showed that, as expected, only some of the surface is treated by the laser. Contact angle analysis showed
a decrease in water contact angle with increasing laser power intensity, and the derived surface free
energy increased accordingly. FT-IR in the specular reﬂectance mode showed no discernible change but
XPS and ToF-SIMS did, suggesting that laser treatment only affects the near surface at the extremity of
the 1–2 μm sampling depth. XPS showed a decrease in the carbon/oxygen ratio of PEEK on treatment,
indicating that oxygen-containing functional groups were being created at the surface. XPS also sug-
gested a cleaning mechanism at a laser intensity of 7.83106 Wmm2, progressing to surface mod-
iﬁcation from a laser intensity of 107 Wmm2 and above. ToF-SIMS conﬁrmed that laser treatment
cleans the surface of PEEK of extraneous material.
& 2015 Elsevier Ltd. All rights reserved.1. Introduction
Poly(etheretherketone) (PEEK) is increasingly being used in
long and short term implantable medical devices such as cranial
implants, hip implants and replacement heart valves. It is being
used as an alternative to traditional materials such as titanium and
ceramics and also to create new device platforms, surgical
approaches and techniques. These can be realised completely with
polymers or in combination with traditional biomaterials. Selec-
tion and application of an appropriate surface treatment is one of
the major factors in achieving good wettability and improving long
term durability in bonded joints, whereas inadequate surface
treatment is one of the most common causes of joint failure. For
polymers with low surface free energy such as PEEK, it isanical Engineering Sciences,
. Wilson).advantageous to introduce chemically reactive surface functional
groups in order to improve adhesion.
Energetic treatments such as plasma or corona discharge have
been used on polymer materials with good levels of success [1–
10]; however laser treatment gives the potential to target speciﬁc
areas, and to provide different treatments in different positions of
a device with greater precision than alternative techniques. Laser
treatment has been used in the past to functionalise the surfaces of
several low-energy polymers to enhance their usability in multiple
applications [11–13]. There are several types of lasers which can be
utilised, such as excimer, Nd:YAG and diode lasers [14–17].
This paper reports the effects of laser surface treatment of PEEK
with a nanosecond pulsed Nd:YAG laser in the near infra-red
region, at different laser power intensities. First, the joint strengths
of adhesively bonded laser treated PEEK was investigated to
determine whether the effect was positive. The laser treated sur-
faces were characterised to determine the changes in surface free
energy, and then the changes in the chemical composition of the
PEEK surfaces were studied.
Table 1
PEEK treatment procedures, at a pulse duration of 10 ns, pulse repetition rate of
10 Hz, linear stage speed of 12 mm s1 and a pulse energy of 78.5 mJ.
Sample Spot diam. (mm) Power intensity (W mm2)
PEEK A 2.5 1.65106
PEEK B 2.0 2.58106
PEEK C 1.6 4.11106
PEEK D 1.1 7.83106
PEEK E 1.0 9.99106
7
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2.1. PEEK material
The PEEK used was unﬁlled injection moulded PEEK, with a
thickness of 3.92 mm. Isopropyl alcohol was used to degrease the
surfaces of all samples prior to laser treatment and testing. A
medical grade cyanoacrylate adhesive (Loctite 4061) was used to
bond the PEEK lap shear joints.PEEK F 0.9 1.2310
PEEK G 0.6 2.78107
Table 2
Tensile shear tests one day after laser treatment on samples with
25 mm12.5 mm overlap.
Sample Intensity
(Wmm2)
Max
load (N)
Mean max
load (N)
Standard
error
Failure
mode
Control Control 150 136.3 5.6 B
129 B
130 B
PEEK A 1.65106 458.5 262.8 85.6 B
229.9 B
100 B
PEEK B 2.58106 543.2 484.4 28.0 B
424.3 B
485.7 B
PEEK C 4.11106 459.8 663.6 108.9 B
914.5 B
616.5 B
PEEK D 7.83106 857.7 811.5 64.5 BþC
657.5 BþC
919.4 BþC
PEEK E 9.99106 1710 1888.0 72.7 AþBþC
1982 A
1972 A
PEEK F 1.23107 1374 1425.3 34.3 A
1508 A
1394 A
PEEK G 2.78107 1048 1310.0 107.5 BþC
1463 A
1419 BþC
Note: The failure mechanisms are: A – cohesive failure of the PEEK substrate, B –
interfacial failure between adhesive and parent, C – cohesive failure of the
adhesive.2.2. Laser surface treatment
A nanosecond pulsed q-switched Nd:YAG laser with an output
wavelength of 1064 nmwas used. The pulse energy was calibrated
using an Ophir 10A-P-SH energy metre, and the spot size using
photosensitive paper.
The position of the sample plaque (12.5 mm25 mm) under
the laser was controlled using a computer numerical controlled
(CNC) two-axis table. The table was set to move horizontally
backwards and forwards underneath the laser aperture, in both
the x and y direction to provide parallel tracks, or rows, of treat-
ment. Movement was achieved between laser pulses so that the
laser treated region received a deﬁnitive number of shots, each
well separated from the others. This was done to avoid a variable
dose that would result from continuous rastering of the table, with
movement occurring during both the on and off parts of the laser
duty cycle. The treated area was ca. 12.525 mm2. A schematic of
the setup is given in Fig. 1. Some preliminary work was performed
with a broad range of laser power intensities to identify a suitable
range for investigation. This was determined via single lap shear
testing, a common adhesive joint geometry, to be around
1.0107 Wmm2. Further work was then performed in a range
proximal to this value, as described in Table 1.
Eq. (1) was used to convert spot size and laser energy into
power intensity
J E t a/ . 1= ( )… ( )
where: J¼Power intensity (W mm2), E¼Pulse energy (J),
t¼Pulse duration (s) and a¼ laser treatment spot area (mm2).Fig. 1. Schematic diagram of laser treatment setup.2.3. Mechanical testing
The ﬁrst investigation was to determine the effect of the laser
pre-treatment on the adhesive joint strength of the PEEK and if
there were any obvious changes in the locus of failure.
Lap shear tests were performed on PEEK-to-PEEK bonded
joints. These were fabricated using PEEK coupons of
50 mm25 mm3.92 mm dimensions, adhesively bonded using
Henkel Loctite 4061, with an overlap area of 12.5 mm25 mm
and a bond line thickness of 0.1 mm controlled with glass ballotini.
Specimens were tested in shear using a Hounsﬁeld Universal
Testing Machine at a crosshead speed of 1.3 mmmin1, as per
ASTM D-1002. Three samples per treatment level were tested. The
test coupons were fabricated shortly after the laser treatment of
the PEEK and were tested the following day after storage in alu-
minium foil.
The lap-shear data, collated in Table 2 and depicted in Fig. 2,
conﬁrms that the laser surface treatment positively affects the
adhesion of bonded PEEK joints. Depending on the intensity of the
laser power selected, the joint strength increased by a factor of 2–
13 following laser surface treatment in air. There is a sharp
increase in strength at a power density of 107 W mm2. Visual
assessment of the locus of failure of the adhesive joints shows that
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Fig. 2. Tensile shear tests on PEEK with 2512.5 mm overlap showing standard
error of results.
Table 3
Surface tension values for water and diiodomethane used in surface free energy
calculations as per the Owens, Wendt and Kaelble [18,19] method.
Liquid Surface tension
(mN m1)
Dispersive con-
tribution (mN m1)
Non-dispersive con-
tribution (mN m1)
Water 72.80 21.80 51.00
Diiodomethane 50.80 50.80 0
Fig. 3. CLSM image taken of surface of PEEK sample at 7.83106 Wmm2 laser
power intensity, showing multiple laser treated spots.
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lower laser power intensity to cohesive within the PEEK or the
adhesive at higher laser power intensities. This observation, along
with the increased strength values, indicated that the laser treat-
ment is improving the adhesion between the PEEK and the
adhesive, although it was not clear whether this is a result of
chemical modiﬁcation of the surface or the removal of a weak
boundary layer which may have been present due to the migration
of processing aids to the surface. A detailed surface examination
was conducted to further clarify the reasons for this positive
outcome.
2.4. Surface characterisation
Surface characterisation techniques were used to investigate
both the untreated and treated PEEK surfaces. Confocal laser
scanning microscopy (CLSM) was carried out using an Olympus
LEXT OLS4000 microscope to examine the topographical changes
brought about by the laser treatment. Contact angle analysis was
performed using a Krüss DSA100, using the sessile drop method.
Deionised water and diiodomethane were used as the test liquids,
and the drop volume was 5 ml. Droplets were placed over the
treated areas. Surface free energy calculations were performed
using the Owens, Wendt and Kaelble method [18,19], within the
Krüss software. The values for the surface tension of water and
diiodomethane used in the measurements and their respective
dispersive and non-dispersive (hydrogen bonding) components
are provided in Table 3. Chemical analysis was carried out by
Fourier-transform infra-red spectroscopy (FT-IR), X-ray photo-
electron spectroscopy (XPS) and time-of-ﬂight secondary ion mass
spectrometry (ToF-SIMS). FT-IR was carried out using an Agilent
Exoscan 4100 in the specular reﬂectance mode. Spectra were
acquired in the range 1–3250 cm1. XPS analysis was carried out
using a Thermo Scientiﬁc Theta Probe with a monochromated
AlKα source and a spot radius of 400 mm. The spot was positionedin the centre of the treated regions to ensure that the area ana-
lysed had been wholly laser treated. A pass energy of 100 eV was
used to obtain survey spectra, a pass energy of 20 eV was used to
obtain high resolution spectra, and an electron/ion ﬂood gun was
used for charge compensation. Peak ﬁtting was performed using
Thermo Scientiﬁc Avantage v.5.9 software. A TOF.SIMS 5 system
(ION-TOF GmbH Münster Germany) was used to investigate the
top few nanometres of the treated PEEK surface and to provide
molecular information about the elements already recorded using
XPS. Static SIMS conditions of o11013 ions cm2 were
employed using a Bi3þ primary ion beam in the high current
bunched mode of operation. This was rastered over a
100100 μm2 area. Positive and negative spectra were acquired
in the range 1–330 mass units (u).
As the laser spot size was in the range 0.6–2.6 mm diameter
depending on laser power (see Table 1), care was taken to ensure
that the analytical data was taken from within the treated zone.3. Results
3.1. Surface topography
CLSM images of PEEK specimens treated at 2 different laser
power intensities were recorded. First, an overall view of the
surface was recorded, as shown in Fig. 3 for a treatment intensity
of 7.83106 Wmm2 (spot diameter 1.1 mm) and Fig. 5 for
2.78107 Wmm2, (spot diameter 0.6 mm) followed by images
of single spot features which were created by the laser treatment.
3D images of the respective treatments are given in Fig. 4 and
Fig. 6.
Fig. 5 shows an overall image of the surface of the PEEK spe-
cimen treated at 2.78107 Wmm2. From this ﬁrst observation the
laser treated areas are shown as discrete spots on the surface. The
spots, as shown in Fig. 6, are around 20 μm deeper than at
7.83106 Wmm2. The laser treatment also quite clearly covers
only a small proportion of the total surface area of the PEEK. It is
estimated that the sample treated with a laser power intensity of
7.83106 Wmm2 has around 4–5% treated of the total sample
area, and the sample treated with a laser power intensity of
2.78107 Wmm2 has around a 20% treated area. It would be
reasonable to suggest that with a greater percentage of treated
area, the enhancement of joint strength would be increased fur-
ther, which could be easily achieved by modiﬁcation of the CNC
table parameters.
Fig. 4. CLSM 3D colour coded image of one laser treated spot on PEEK surface at
7.83106 Wmm2 laser power intensity. The scale is in μm.
Fig. 5. CLSM image taken of surface of PEEK sample at 2.78107 W mm2 laser
power intensity, showing multiple laser treated spots.
Fig. 6. CLSM 3D colour coded image of one laser treated spot on PEEK surface at
2.78107 Wmm2 laser power intensity. The scale is in μm.
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The contact angles (θ) were recorded a day after treatment as
indicated in Table 4. Dispersive (γD) and polar (γP) contributions to
the total surface free energy (γT), and the mean contact angle for
each parameter are displayed.
The surface free energy calculations in Table 4 show a sharp
increase in total surface free energy at a laser power intensity
exceeding 107 Wmm2. This is shown by an increase in polar
energy, and is characterised by a sharp decrease in water contact
angle.
The surface free energy calculations indicated that it was pos-
sible to increase the surface free energy signiﬁcantly and improve
the wettability. A laser power intensity of 107 W mm2 appears to
be the point at which surface changes occur. This could be due to
formation of functional groups. Further analytical characterisation
was performed to conﬁrm this.
3.3. Chemical composition of the PEEK surface
The chemical nature of the PEEK surface before and after laser
treatment was investigated using FT-IR spectroscopy. The spectra
for the control sample and the most intense PEEK treatment levels
are shown for comparison in Fig. 7, with peak assignments pro-
vided in Table 5. The FT-IR analysis was performed on samples
processed at all laser intensities, but only the signiﬁcant data is
presented. The wavenumber values are shown in both spectra and
are identiﬁed by reference to the absorbance bands of Table 5. The
FT-IR measurements do not show any signiﬁcant change between
the untreated and treated specimens, possibly due to the 1–2 μm
sampling depth of the technique. This was considered a useful
result, as it suggests that whatever changes are occurring, they
might be occurring closer to the surface of the PEEK than FT-IR can
detect, and therefore the effects are exclusively surface effects. XPS
and ToF-SIMS were employed next to further investigate the top
few nanometres of the PEEK surfaces.
The XPS analysis of PEEK specimens above and below the critical
107 Wmm2 value of laser treatment shows a number of changes
to the surface composition. The surface composition, by XPS, for all
samples investigated is presented in Table 6. A number of obser-
vations can be made. Firstly, the carbon: oxygen elemental ratio
decreased with increased laser intensity. Comparing the survey
spectrum of the untreated PEEK in Fig. 8 with that of the laser
treated PEEK in Fig. 9 this effect is clearly seen in the change in
relative intensities of the C1s (285 eV) and O1s (532 eV) peaks.
Secondly, the proportion of nitrogen, silicon, sodium, chlorine and
sulphur changes with different laser power intensities. The pro-
portion of nitrogen on the surface increases slightly with increasing
laser intensity. This would suggest either nitrogen combining with
oxygen and forming on the surface, or combining with carbon to
form amine groups, as reported by Kinloch et al. [20]. The amount
of silicon on the surface increases after laser treatment, which was
found to be polydimethylsiloxane (PDMS) once ToF-SIMS analysis
was completed. The amount of sodium decreased at a laser inten-
sity of 7.83106 Wmm2. It is suggested that the surface is
cleaned of extraneous sodium-based contamination, most likely in
the form of sodium chloride because the proportion of chlorine
decreased also. This would indicate that such contamination is a
result of uncontrolled handling at some point in the history of the
PEEK stock. The source of the very low concentration of zinc
observed in the XPS survey spectrum of Fig. 8 (Zn 2p3/2¼1021 eV) is
not clear but is assumed to be associated with an organo-zinc
processing aid. As indicated in Fig. 9 this trace amount is readily
removed by laser treatment. The proportion of sulphur on the
surface following laser treatment is reduced to zero, suggesting
removal of sulphur-based contamination such as SO, SO2 and SO3.
Table 4
PEEK surface free energy one day after treatment.
Sample Power intensity (W mm2) Contact angle Surface free energy
Mean θwater (°) Mean θdm (°) γD (mJ m2) γP (mJ m2) γT (mJ m2) Mean γT (mJ m2)
Control N/A 85 32 43.4 1.4 44.9 44.9
PEEKAs1 1.65106 84 40 37.5 1.5 39.0 42.0
PEEKAs2 41.4 3.3 44.7
PEEKAs3 40.2 2.0 42.2
PEEKBs1 2.58106 79 46 38.0 4.8 42.8 40.9
PEEKBs2 35.1 3.7 38.8
PEEKBs3 35.5 5.7 41.1
PEEKCs1 4.11106 90 40 41.1 0.4 41.5 40.8
PEEKCs2 36.8 2.1 38.9
PEEKCs3 41.4 0.7 42.1
PEEKDs1 7.83106 86 44 41.6 3.3 44.9 39.9
PEEKDs2 35.0 1.9 36.9
PEEKDs3 36.3 1.6 37.9
PEEKEs1 9.99106 35 33 43.4 23.2 66.6 67.9
PEEKEs2 42.7 22.3 65.0
PEEKEs3 42.5 29.5 72.0
PEEKFs1 1.23107 25 32 39.3 28.9 68.2 72.5
PEEKFs2 45.5 28.2 73.7
PEEKFs3 45.0 30.7 75.7
PEEKGs1 2.78107 72 28 43.3 6.3 49.6 50.5
PEEKGs2 45.9 3.2 49.1
PEEKGs3 45.9 7.0 52.9
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Fig. 7. Selected FT-IR spectra of control sample (top) and laser intensity
2.78107 Wmm2 (bottom) for PEEK.
Table 5
Assignments of FT-IR peaks of PEEK material.
PEEK
Wavenumber
(cm1)
Assignment
1648 C¼O stretch in ketone
1601 Skeletal in-plane vibration of aromatic ring
1492 Skeletal semi-circle stretch of aromatic ring
1412 Aromatic rotations
1311 Aromatic rotations
1286 Aromatic rotations
1227 Diphenyl ether group, C–O–C rotation
1190 Diphenyl ether group, C–O–C stretch
1163 Diphenyl ether group, C–O–C stretch
1115 C–O stretch
1012 In-plane vibrations of aromatic hydrogens
948 Aromatic out-of-plane bending
Table 6
Surface composition of PEEK surfaces after selected laser treatment intensities,
obtained using XPS.
C1s O1s N1s Na1s S2p Si2p Cl2p C/O ratio
Control 78.26 16.05 2.05 1.39 1.04 0.88 0.34 4.9
7.83106 Wmm2 74.89 21.1 1.22 0.55 2.03 0.21 3.6
2.78107 Wmm2 72.52 21.6 2.36 2.17 0.04 1.03 0.28 3.4
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PEEK changes after laser treatment. Further information to support
the increase in the proportion of oxygen can be found by examining
the high resolution spectrum of carbon. Peaks in the high resolution
XPS C1s spectra of virgin PEEK in Fig. 10, are consistent with non-
bonded aromatic carbon at 285.0 eV, aromatic carbon bonded to
oxygen (C–O) at 286.7 eV and carbonyl (C¼O) at 288.0 eV, which
are all found within the structure of PEEK. At a laser power intensity
of 7.83106 Wmm2, shown in Fig. 11, there is an increase in the
Fig. 8. XPS survey spectrum of untreated virgin PEEK material.
Fig. 9. XPS survey spectrum of laser treated PEEK material at a power intensity of 2.78107 Wmm2.
A. Wilson et al. / International Journal of Adhesion & Adhesives 62 (2015) 69–7774hydroxyl (C–O) groups and a slight decrease in carbonyl (C¼O)
groups. There is also the appearance of a peak at 289.3 eV, char-
acteristic of carboxylic acid (O–C¼O) groups. The increase in O–
C¼O groups and the decrease in C¼O groups suggests a replace-
ment of the original C¼O groups of the PEEK structure with new
carboxylic acid groups. The mechanism that may be occurring is the
forming of polar functional groups on the surface, as supported by
the contact angle data and the XPS data. This is preceded by chain
scission initiated by the energetic nature of the laser treatment and
resulting in new polymer chain ends at the surface, terminated by
carbonyl groups. This mechanism increases the proportion ofoxygen on the PEEK surface, resulting in a higher surface free
energy, and consequentially greater adhesion strength.
ToF-SIMS analysis showed some changes to the chemical
composition of the PEEK surface due to laser treatment. Firstly,
polydimethylsiloxane (PDMS) appears on the laser treated PEEK
surface. This is characterised by the peaks at 43, 147, 221 and 281
in the positive ToF-SIMS spectrum of laser treated PEEK in Fig. 12
and Fig. 13. Secondly, extraneous material is removed by the laser.
Peaks in the negative spectrum in Fig. 14, at 80, 183, 255, 265, 311
and 325, are reduced following laser treatment, shown in the
negative SIMS spectrum of the treated PEEK in Fig. 15.
Fig. 10. High resolution C1s XPS spectrum of untreated PEEK.
Fig. 11. High resolution C1s XPS spectrum of PEEK treated at 7.83106 Wmm2.
Fig. 12. Positive ToF-SIMS spectrum of untreated PEEK specimen.
Fig. 13. Positive ToF-SIMS spectrum of PEEK treated at 9.99106 Wmm2.
Fig. 14. Negative ToF-SIMS spectrum of untreated PEEK specimen.
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the bulk of the PEEK was cut from a coupon using a fresh scalpel
blade, the ToF-SIMS spectra from this specimen are shown in
Fig. 16. The peaks at 43, 147, 221 and 281 of Fig. 16 conﬁrm that the
bulk sample of PEEK contains PDMS, and therefore suggests that as
a result of the laser treatment the PDMS has migrated to the
surface of the PEEK. The PDMS does not appear to have any det-
rimental effect on the lap shear strength of the laser treated PEEK,
A. Wilson et al. / International Journal of Adhesion & Adhesives 62 (2015) 69–7776and this is supported by the work of Vickerset al. [21]. They found
that the interlaminar strength of carbon ﬁbre reinforced polymers,
manufactured from pre-preg stock with PDMS surface con-
tamination (from the protective peel plies) was not adversely
affected by the presence of PDMS. They noted, however that
addition of a PDMS of high molecular weight to pre-preg surface
prior to composite manufacture did compromise performance. The
interpretation was that low molecular weight material could
readily diffuse away from the prior pre-preg interface, perhaps
forming an interpenetrating network, whilst the more viscousFig. 15. Negative ToF-SIMS spectrum of PEEK treated at 9.99106 Wmm2.
Fig. 16. ToF-SIMS spectra of PEEK specimen, taken from the bulk, between (a) 146 anmaterial was much less mobile and formed the usual weak
boundary layer.4. Discussion
As described above, PEEK can be subjected to a laser surface
treatment before adhesive bonding, and that the lap shear
strength of the bonded joint is subsequently improved. The surface
free energies of the PEEK specimens have been measured and the
chemical compositions of the treated surfaces have also been
studied.
The lap shear tests, contact angle measurements and surface
chemical analyses can be quantitatively related. All methods of
analysis show that at a laser power intensity of 107 W mm2 and
above a signiﬁcant change to the PEEK surface is occurring. The
surface free energy signiﬁcantly increases at this laser power
intensity and this will improve the extent of wetting of the cya-
noacrylate adhesive onto the PEEK surface. As the dispersive part
of the surface free energy remains relatively unchanged, and the
polar contribution to surface free energy increases, it can be sug-
gested that the PEEK-adhesive interfacial forces are enhanced via
dipole–dipole, hydrogen bonds and other acid–base interactions.
This is supported by the XPS analysis which shows formation of C–
O, C¼O and O‒C¼O functional groups on the treated PEEK surface
and a decrease in the carbon; oxygen ratio.
The presence of weak boundary layers is a cause for concern in
many adhesively bonded joints. The ﬁrst type of weak boundary
layer concerns weak surface regions of the substrate, as reported
by Kinloch and Yuen [22]. This phenomenon has not been evident
during the laser treatment of PEEK studies, as laser treatment
moves the locus of failure completely to the substrate and not the
joint's interface. The second type of weak boundary layer that
Kinloch and Yuen mention is as a result of extraneous materials
such as mould release agents and contaminants on the surface. It
has been shown in this work that the untreated PEEK substrate
does possess these extraneous materials on the surface, and that
the laser treatment is successful at removing them to a certain
degree. While the laser treatment has also been shown to promote
PDMS to the surface of the PEEK. The locus of failure is still movedd 148 mass units, (b) 220 and 223 mass units, and (c) 280 and 282 mass units.
A. Wilson et al. / International Journal of Ato the substrate, the surface free energy increases and the lap
shear joint strength increases. It can therefore be suggested that
weak boundary layers in this case are not detrimental to these
particular adhesively bonded joints.
The laser treatment has changed the topography of the PEEK
surface by introducing craters at the points of laser incidence.
Kinloch et al. [20] reported that surface topography of thermo-
plastic composites after corona treatment does not have a major
effect on the adhesive joint properties, and a similar assumption
can be made here. To support this theory, we can observe that the
dispersive component of surface free energy does not change
much after laser treatment, from 43.4 mJ m2 in the control
sample to an average of 42.87 mJ m2 at a laser power intensity of
107 W mm2. As a ﬁnal consideration, the droplet sizes used
during the contact angle measurements were larger than the
feature sizes produced by the laser, meaning the droplets were not
pinned by any topography. Surface features that are contained
entirely within a droplet will not have an effect on the contact
angle measurements, as reported by Gao and McCarthy [23]. This
means that the surface free energy measurements taken have not
been skewed by the topography of the sample.
It has been shown that a speciﬁc laser power intensity of
107 W mm2, at a wavelength of 1064 nm, can be deﬁned as the
threshold laser power intensity required to chemically change the
surface of PEEK for improved adhesive bonding in medical appli-
cations, for example. This threshold laser power intensity may be
applied to other laser sources and provide a method of surface
treatment which is equally as effective, yet more accurate and
localised than alternatives such as plasma or corona treatment.5. Conclusions
Surface treatment of PEEK using an Nd:YAG laser has led to the
following conclusions: Laser treatment of PEEK increased the lap shear strength of
adhesively bonded joints by up to a factor of 13. The locus of failure for the untreated as compared with the
treated PEEK to PEEK bonded joint moved from interfacial to
cohesive within the substrate. Surface topographical changes were introduced by the laser
treatment but it cannot be determined with certainty whether
they contribute to the improvement in surface free energy or
adhesion properties. Laser treatment of PEEK increased the surface free energy from
44.9 mJ m2 to 72.5 mJ m2, mainly via an increase in the
polar component. Chemical changes on the PEEK surface were not easily detect-
able using FT-IR, but were identiﬁed by XPS and ToF-SIMS,
suggesting that changes are made on the top 1–10 nm of the
material. XPS of PEEK showed a reduction in carbon/oxygen ratio with
increasing laser intensity on PEEK. Functional groups in the form of carbonyls and carboxylic acid
groups formed on the PEEK surface. ToF-SIMS indicated that laser treatment removed extraneous
material from the surface of the PEEK, and recorded an increase
in PDMS on the surface. This was deemed to be PDMS from thebulk which had migrated to the surface.dhesion & Adhesives 62 (2015) 69–77 77Acknowledgements
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APPENDIX II 
Material datasheets for poly(propylene) and poly(etheretherketone) 
 
 VICTREX® HIGH PERFORMANCE PAEK POLYMERS  ©Victrex plc Revision July 2014 1 
VICTREX® PEEK 450G 
 Product Description: 
High performance thermoplastic material, unreinforced PolyEtherEtherKetone (PEEK), semi crystalline, granules for injection 
moulding and extrusion, standard flow, FDA food contact compliant, colour natural/beige. 
 
 Typical Application Areas: 
Applications for higher strength and stiffness as well as high ductility. Chemically resistant to aggressive environments, suitable for 
sterilisation for medical and food contact applications. 
 
 Material Properties 
 CONDITIONS TEST METHOD UNITS TYPICAL VALUE
 
Mechanical Data     
Tensile Strength    Yield, 23°C   ISO 527  MPa 98 
Tensile Elongation Break, 23°C  ISO 527 % 45 
Tensile Modulus   23°C ISO 527  GPa 4.0 
Flexural Strength   At 3.5% strain, 23°C  ISO 178  MPa 125 
 At yield, 23°C   165 
 125°C   85 
 175°C   19 
 275°C   12.5 
Flexural Modulus   23°C  ISO 178    GPa 3.8 
Compressive Strength 23°C ISO 604 MPa 125 
 120°C   70 
Charpy Impact Strength   Notched, 23°C    ISO 179/1eA  kJ m-2 7.0 
 Unnotched, 23°C   ISO 179/U  n/b 
Izod Impact Strength    Notched, 23°C    ISO 180/A    kJ m-2 8.0 
   Unnotched, 23°C    ISO 180/U     n/b 
 
Thermal Data     
Melting Point     ISO 11357  °C 343 
Glass Transition (Tg)    Onset ISO 11357  °C 143 
 Midpoint   150 
Coefficient of Thermal Expansion   Along flow below Tg ISO 11359 ppm K-1 45 
 Average below Tg   55 
 Along flow above Tg   120 
 Average above Tg   140 
Heat Deflection Temperature    As moulded, 1.8 MPa    ISO 75-f    °C 152 
 Annealed 200°C / 4h, 1.8MPa   160 
 Thermal Conductivity Along flow, 23°C ISO 22007-4 W m-1 K-1 0.32 
 Average, 23°C   0.29 
Relative Thermal Index    Electrical    UL 746B    °C 260 
   Mechanical w/o impact       240 
   Mechanical w/impact       180 
 
Flow     
Melt Viscosity 400°C  ISO 11443  Pa.s 350 
 
Miscellaneous     
Density   Crystalline  ISO 1183    g cm-3 1.30 
Shore D hardness 23°C ISO 868  84.5 
Water Absorption by immersion Saturation, 23°C ISO 62-1  % 0.45 
 Saturation, 100°C    0.55 
  2 
 
 
Electrical Properties     
Dielectric Strength   2mm thickness  IEC 60243-1    kV mm-1   23 
 50μm thickness   200 
Comparative Tracking Index  IEC 60112 V 150 
Loss Tangent    23°C, 1MHz   IEC 60250    n/a   0.004 
Dielectric Constant   23°C, 1kHz IEC 60250    n/a   3.1 
 23°C, 50Hz     3.0 
  200°C, 50Hz   4.5 
Volume Resistivity    23°C  IEC 60093   Ω cm   1016 
 125°C   1015 
 275°C   109 
 
Fire Smoke Toxicity      
Glow Wire Test 2mm thickness IEC 60695-2-12 ºC 960 
Limiting Oxygen Index 0.4mm thickness ISO 4589 % O2 24 
 3.2mm thickness   35 
Toxicity Index CO content NES 713 n/a 0.074 
 CO2 content   0.15 
 Total gases   0.22 
 
 
Typical Processing Conditions  
Drying Temperature / Time    150°C / 3h or 120°C / 5h   
Temperature settings   355 / 360 / 365 / 370 / 375°C (Nozzle) 
Hopper Temperature    Not greater than 100°C   
Mould Temperature    170°C - 200°C (max 250°C)   
Runner Die / nozzle >3mm, manifold >3.5mm 
Gate >1mm or 0.5 x part thickness 
 
Mould Shrinkage and Spiral Flow  
Spiral Flow 375°C nozzle, 180°C tool 1mm thick section Victrex mm 110 
Mould Shrinkage   375°C nozzle, 180°C tool Along flow  ISO 294-4  % 1.0 
  Across flow   1.3 
 
Important notes: 
1) Processing conditions quoted in our datasheets are typical of those used in our processing laboratories 
Data for mould shrinkage should be used for material comparison. Actual mould shrinkage values are highly dependent on part geometry, mould configuration, 
and processing conditions. 
Mould shrinkage differs for along flow and across flow directions. “Along flow” direction is taken as the direction the molten material is travelling when it exits the 
gate and enters the mould. 
Mould shrinkage is expressed as a percent change in dimension of a specimen in relation to mould dimensions. 
2) Data are generated in accordance with prevailing national, international and internal standards, and should be used for material comparison.  
Actual property values are highly dependent on part geometry, mould configuration and processing conditions.  Properties may also differ for along 
flow and across flow directions 
Detailed data available on our website www.victrex.com or upon request 
 
 World Headquarters 
Victrex plc, Hillhouse International, Thornton Cleveleys, Lancashire FY5 4QD United Kingdom 
Tel: + (44) 1253 897700   Fax: + (44) 1253 897701   Email: victrexplc@victrex.com 
 
VICTREX PLC BELIEVES THAT THE INFORMATION CONTAINED IN THIS BROCHURE IS AN ACCURATE DESCRIPTION OF THE TYPICAL CHARACTERISTICS AND/OR USES OF THE 
PRODUCT OR PRODUCTS, BUT IT IS THE CUSTOMER'S RESPONSIBILITY TO THOROUGHLY TEST THE PRODUCT IN EACH SPECIFIC APPLICATION TO DETERMINE ITS 
PERFORMANCE, EFFICACY AND SAFETY FOR EACH END-USE PRODUCT, DEVICE OR OTHER APPLICATION. SUGGESTIONS OF USES SHOULD NOT BE TAKEN AS INDUCEMENTS 
TO INFRINGE ANY PARTICULAR PATENT. THE INFORMATION AND DATA CONTAINED HEREIN ARE BASED ON INFORMATION WE BELIEVE RELIABLE. MENTION OF A PRODUCT IN 
THIS DOCUMENTATION IS NOT A GUARANTEE OF AVAILABILITY. VICTREX PLC RESERVES THE RIGHT TO MODIFY PRODUCTS, SPECIFICATIONS AND/OR PACKAGING AS PART 
OF A CONTINUOUS PROGRAM OF PRODUCT DEVELOPMENT. VICTREX® IS A REGISTERED TRADEMARK OF VICTREX MANUFACTURING LIMITED. VICTREX PIPES™ IS A 
TRADEMARK OF VICTREX MANUFACTURING LIMITED. PEEK-ESD™, HT™, ST™ AND WG™ ARE TRADEMARKS OF VICTREX PLC. VICOTE® AND APTIV® ARE REGISTERED 
TRADEMARKS OF VICTREX PLC.  
 
VICTREX PLC MAKES NO WARRANTIES, EXPRESS OR IMPLIED, INCLUDING,WITHOUT LIMITATION, A WARRANTY OF FITNESS FOR A PARTICULAR PURPOSE OR OF 
INTELLECTUAL PROPERTY NON-INFRINGEMENT, INCLUDING, BUT NOT LIMITED TO PATENT NON-INFRINGEMENT, WHICH ARE EXPRESSLY DISCLAIMED, WHETHER EXPRESS 
OR IMPLIED, IN FACT OR BY LAW. FURTHER, VICTREX PLC MAKES NO WARRANTY TO YOUR CUSTOMERS OR AGENTS, AND HAS NOT AUTHORIZED ANYONE TO MAKE ANY 
REPRESENTATION OR WARRANTY OTHER THAN AS PROVIDED ABOVE. VICTREX PLC SHALL IN NO EVENT BE LIABLE FOR ANY GENERAL, INDIRECT, SPECIAL, 
CONSEQUENTIAL, PUNITIVE, INCIDENTAL OR SIMILAR DAMAGES, INCLUDING WITHOUT LIMITATION, DAMAGES FOR HARM TO BUSINESS, LOST PROFITS OR LOST SAVINGS, 
EVEN IF VICTREX HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, REGARDLESS OF THE FORM OF ACTION.  
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The Plastic People is a division of Barkston Plastics Ltd, Unit 11 Riverside Place, Bridgewater Rd, Leeds, LS9 0RQ  Telephone: 0113 399 3622
The Barkston Group: Barkston Ltd The Plastic People  Copyright © 2013 The Plastic People www.theplasticpeople.co.uk
Polypropylene 
 
 
  Test Standard Units Guide Values 
        
General       
Density ISO1183 g/cm3 0.91 
Temperature range - °C -20 to +80 
    
Mechanical Properties       
Yield stress DIN EN ISO 527 MPa 26 
Elongation at yield DIN EN ISO 527 % 7 
Modulus of elasticity in tension DIN EN ISO MPa 1200 
Impact strength DIN EN ISO 179 kJ/m2 without break 
Ball indentation hardness DIN EN ISO 2039-1 MPa 50 
        
Thermal Properties       
Mean coefficient of linear thermal expansion DIN 53752 K-1 1,6× 10-4 
Fire behaviour DIN 4102 - B2 normal flammability 
        
Electrical Properties       
Dielectric strength DIN IEC 60243-1 kV/mm 58 
Surface resistivity DIN IEC 60093 Ohm 1014 
        
 
All information contained in this literature corresponds with our current knowledge of the products. The Plastic People assume no liability whatsoever in respect of application, conversion or use 
made of the aforementioned information or products, or any consequence thereof. The buyer undertakes all liability in respect  of the application, conversion or use of the aforementioned information 
or products. Existing intellectual property rights must be observed and The Plastic People reserve the right to make technical alterations. 
Advantages
Low cost 
Extremely tough 
Good chemical resistance  
Low moisture absorption 
Machines well  / easy to fabricate 
FDA compliant grades available 
Propylene is auto claveable for usage in 
biohazardous environments 
The best joining method is hot air or nitrogen 
welding. Can be mechanically joined with screws 
or rivets. Ultrasonic inserts work well 
Excellent resistance to dilute and concentrated 
Acids, Alcohols, Bases and Mineral Oils 
Good resistance to Aldehydes, Esters, Aliphatic 
Hydrocarbons, Ketones and Vegetable Oils 
Limited resistance (moderate attack and suitable 
for short term use only) to Aromatic and 
Halogenated Hydrocarbons and Oxidizing Agents 
